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ABSTRACT 

Oppenlander,  Joseph  C.  M.S.C.E.,  Purdue  University, 
June  1957-  Triaxlal  Testing  of  Bituminous  Mixtures  at 
High  Confining  Pressures.  Eajor  Professor:   William  H. 
Goetz. 

This  laboratory  study  investigated  the  triaxial  testing 
of  bituminous  mixtures  at  high  confining  pressures.   The  object 
of  this  research  was  to  develop  a  better  understanding  of  the 
basic  factors  that  contribute  to  the  development  of  shearing 
strength  in  bituminous-aggregate  mixtures. 

The  variables  considered  in  this  investigation  were 
aggregate  gradation,  confining  pressure,  specimen  height, 
degree  of  compaction,  type  of  aggregate,  and  asphalt  content. 
The  two  aggregate  gradations  used  were  referred  to  as  open- 
graded  and  one-size  and  were  incorporated  with  an  asphalt 
cement  (60-70  penetration)  into  bituminous  mixtures.  Both 
the  open-graded  and  one -size  mixtures  perform  adequately  as 
paving  mixtures  for  many  service  conditions,  but  only  the 
open-graded  mixture  possesses  adequate  stability  when  eval- 
uated by  conventional  testing  methods.   The  variable  of  type 
of  aggregate  was  measured  by  using  an  angular  material, 
crushed  limestone,  and  a  comparatively  round  and  smooth 
material,  uncrushed  gravel  and  natural  sand.   The  asphalt 
content  selected  for  these  compacted  specimens  was  that 
normally  specified  by  the  Indiana  State  Highway  Department, 
and  was  maintained  constant  except  for  one  phase  of  the  study 
in  which  the  variable  of  asphalt  content  was  considered. 
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The  triaxial  compression  test  was  selected  to  measure 
the  shearing  resistance  of  these  bituminous-aggregate  mixtures 
at  a  range  of  confining  pressures  from  0  to  150  psi.  The 
rational  triaxial  test  provided  the  only  fundamental  deter- 
mination of  the  various  factors  that  contribute  to  the 
stability  of  bituminous  mixtures.   The  triaxial  test  speci- 
mens v/ere  compacted  by  the  double-plunder  method  and  by  the 
double -plunger  with  vibration  procedure,  thus  producing 
specimens  at  different  density  levels  by  varying  the  degree 
of  compaction.   Test  specimens  having  a  height  to  diameter 
ratio  less  than  two  were  fabricated  to  measure  the  influence 
of  the  specimen  height  on  the  triaxial  stability  at  high 
confining  pressures.   This  phase  of  the  research  investigation 
was  designated  as  the  irrational  triaxial  test. 

The  laboratory  results  were  presented  in  the  form  of 
graphical  stress  diagrams  with  the  confining  pressure  plotted 
against  the  normal  stress.   For  both  the  rational  and  the 
irrational  triaxial  tests,  the  open-graded  mixture  showed 
strength  properties  with  a  direct  correlation  to  the  Coulomb 
equation.   Therefore,  the  fundamental  strength  properties  of 
this  mixture  may  be  represented  by  the  two  constants,  (c) 
cohesion  and  (<p)    angle  of  internal  friction.  However,  the 
shearing  strength  values  produced  by  the  ^rational  triaxial 
test  were  higher  than  the  corresponding  values  for  the 
rational  triaxial  test,  and  different  values  of  cohesion  and 
angle  of  internal  friction  were  obtained  by  the  two  testing 
procedures. 
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The  triaxial  testing  of  the  one-size  mixture  showed  that 
low  shearing  strength  was  developed  at  low  values  of  confining 
pressure  and  at  snail  values  of  specimen  deformation.   V/ith 
an  increase  in  the  confining  pressure  and/or  the  amount  of 
specimen  deformation,  high  values  of  shearing  strength  were 
obtained  for  this  paving  mixture.   For  the  range  of  confining 
pressures  investigated,  approximately  ninety  percent  of  the 
shearing  resistance  was  mobilized  when  the  test  specimen  was 
deformed  to  a  strain  of  10.0  percent.   The  graphs  of  the 
confining  pressure  versus  the  normal  stress  at  various  strain 
values  indicated  a  curvilinear  relationship  between  these  two 
values.   Thus,  the  shearing  strength  of  this  one-size  mixture 
cannot  be  ascertained  wholly  by  such  constants  as  the  cohesion 
and  the  angle  of  internal  friction,  variables  for  this  paving 
mixture.   The  complex  interaction  of  lateral  support,  rear- 
rangement of  aggregate  particles,  and  change  in  specimen 
volume  prevented  the  exact  evaluation  of  the  effects  of  the 
specimen  height  on  the  triaxial  stability  of  the  one-size 
mixture. 

For  specimens  made  from  both  aggregate  gradations,  the 
crushed  limestone  aggregate  produced  higher  triaxial  stability 
values  than  the  uncrushed  gravel  and  natural  sand  for  the 
range  of  confining  pressures  used.   However,  the  selection 
of  an  asphalt  content  giving  maximum  strength  for  these  two 
aggregate  types  in  both  the  open-graded  and  the  one-size 
mixtures  v/as  determined  to  be  independent  of  the  degree  of 
the  confining  pressure. 
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With  the  or en- graded  mixture,  positive  correlation  was  ■ 
obtained  between  the  results  of  the  rational  triaxial  test 
and  the  live  em  Stabiloneter  test  for  both  the  strength  values 
and  the  selection  of  an  asphalt  content  producing  maximum 
strength.   For  the  triaxial  test  values  at  10.0  percent 
strain,  satisfactory  strength  values  were  obtained,  but  the 
Stabilometer  test  produced  stability  values  far  below  the 
acceptable  miniuur-.   Also,  for  maximum  strength  criteria, 
the  rational  triaxial  test  indicated  that  the  asphalt  content 
was  near  the  value  presently  specified  for  construction, 
v/hile  a  much  lower  asphalt  content  v/as  determined  from  the 
Hveen  Stabilorieter  test. 


TRIAXIAL  TESTING  0?  BITUMINOUS  MIXTURES 
AT  HIGH  CONFINING  PRESSURES 

INTRODUCTION 

The  mechanical  testing  methods  most  utilized  in  the 
laboratory  studies  of  the  stability  of  bituminous  paving 
mixtures  can  be  listed  c.3  f ollov/s : 

1.  Hubbard- Pie Id  stability  test. 

2.  Marshall  stability  test. 

3.  Direct  compression  test  (A3TK  version). 
I].,   Hveem  Stabilometcr  test. 

5»  Unconfined  compression  test. 

6.  Triaxial  compression  test. 

Of  these  six  testing  methods,  the  triaxial  compression 
test  has  proved  to  be  an  effective  method  for  the  study  of 
the  strength  or  the  stability  characteristics  of  bituminous 
paving  mixtures.   Stability  may  be  defined  as  that  property 
of  a  bituminous-aggregate  mixture  which  permits  the  mixture 
to  sustain  the  loads  imposed  by  traffic  v/ithout  detrimental 
distortion  or  displacement.   The  data  obtained  from  a  tri- 
axial test  are  usually  analyzed  in  terms  of  the  basic  prop- 
erties, the  cohesion  and  the  angle  of  internal  friction,  of 
a  cohesive -granular  mixture  according  to  I.ohr's  theory  of 
strength.   This  theory  Is  thought  to  be  more  nearly  in 
accordance  with  the  behavior  of  bituminous  mixtures  than  any 
of  the  other  theories  applicable  to  the  strength  properties 


of  a  cohesive-granular  material.   The  triaxial  compression 
test  provides  a  basic  and  rational  approach  to  the  evaluation 
of  the  fundamental  strength  properties  of  bituminous-aggre- 
gate mixtures,  while  the  other  methods  listed  provide  only 
an  empirical  approximation  to  the  expected  stability  of  these 
paving  mixtures. 

Trom  field  observation,  bituminous  mixtures  with  both 
"one-size"  and  "open-graded"  aggregate  gradations  appear  to 
perform  satisfactorily  for  many  servico  conditions.   For  the 
purposes  of  this  paper,  a  "one-size"  aggregate  is  a  material 
which  passes  the  3/^--in.  sieve  and  is  retained  on  the  Uo.  l\. 
3ieve.   An  "open-graded"  aggregate  is  one  that  is  well  graded 
from  coarse  to  fine  v/ithout  any  material  passing  the  No.  200 
mesh  sieve.   The  results  of  conventional  triaxial  testing,  on 
the  other  hand,  show  these  one-size  mixtures  to  be  unstable 
under  present  design  criteria,  while  the  open-graded  mixtures 
produce  acceptable  stability  values.   This  illustrates  that 
the  present  methods  and  theories  of  rational  triaxial  testing 
as  applied  to  bituminous  mixtures  with  a  one-size  aggregate 
fail  to  evaluate  the  trae  in-service  stability  properties  of 
this  paving  mixture.   A  rational  triaxial  test  is  described 
as  a  triaxial  compression  test  in  which  the  diameter  of  the 
specimen  is  at  least  four  times  the  maximum  particle  size, 
and  the  hei~ht  of  the  specimen  is  at  least  two  times  its 
diameter.   If  the  height  to  diameter  ratio  of  the  specimen 
is  less  than  two,  the  triaxial  compression  test  is  defined 
as  an  irrational  or  a  modified  triaxial  test. 


Friaxial  compression  tests  on  bituminous -aggregate 
mixtures  have  been  performed  within  a  relatively  low  range 
of  confining  pressures  (up  to  60  psi) ,  and  the  strength 
properties  of  these  bituminous  mixtures  have  been  mainly 
predicated  on  the  assumption  that  the  I.:ohr  rupture  envelopes 
were  straight  lines.   With  the  present-day  tire  pressures  of 
100  psi  for  trucks  and  200  psi  for  airplanes  and  the  probable 
future  increase  in  those  values,  the  lateral  support  that 
is  provided  the  bituminous-aggregate  mixtures  is  certainly 
in  excess  of  the  confining  pressures,  maximum  of  30  psi,  used 
in  many  triaxial  tests  performed  for  bituminous  mix  design. 

The  various  factors  that  contribute  to  this  lateral 
support  of  the  bituminous -mixture  surface  of  the  floxible 
pavement  are  the  tire  pressure,  the  lateral  support  of  the 
pavement  adjacent  to  the  loaded  area,  and  the  frictional 
resistance  between  the  pavement  and  the  tire  and  between  the 
pavement  and  the  base  (29,  31,  3^)1.   If  certain  bituminous- 
aggregate  mixtures  are  tested  with  a  considerable  range  of 
confining  pressures,  the  T.^ohr  rupture  envelopes  may  tond  to 
curve.   Depending  upon  the  degree  of  this  curvature,  these 
non-iso tropic  mixtures  may  be  analyzed  by  assuming  either  a 
straight  or  a  curved  I.'ohr  rupture  envelope.   At  present, 
there  is  not  sufficient  information  available  concerning  the 


1.  numbers  in  parentheses  refer  to  references  listed  in  the 

Bibliography. 
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rational  triaxial  testing  of  bituminous  mixtures  to  ascertain 
v.'hich  types  of  mixtures  have  straight  line  fclohr  rupture  enve- 
lopes and  which  ones  have  curved  I-Iohr  envelopes.   The  rational 
design  of  bituminous  paving  mixtures  with  curved  L.ohr  envelopes 
has  been  developed  theoretically  by  IT.  W.  T,;CLeod  (32,  33)  • 

Another  important  factor  that  is  often  neglected  in  the 
analysis  of  triaxial  test  data  is  the  inability  of  the  normal 
stress  to  reach  a  maximum  value  at  a  low  percent  of  strain 
for  a  given  confining  pressure.   ^uite  often  a  bituminous 
mixture  will  be  judged  unsatisfactory  due  to  its  low  shearing 
strength  at  a  small  amount  of  strain,  usually  less  than  four 
percent,  without  proper  consideration  for  the  amount  of 
shearing  resistance  that  may  be  mobilized  at  strain  values  in 
the  range  of  ten  to  fifteen  percent.   Any  volume  change  and 
rearrangement  of  the  aggregate  particles  that  may  occur  are 
thus  eliminated  in  the  triaxial  stability  analysis  of  the 
bituminous  paving  materiel. 

This  is  a  report  of  an  investigation  of  the  triaxial 
stability  properties  of  one-size  and  open-graded  bituminous 
mixtures  for  a  range  of  confining  pressures  up  to  lf>0  psi. 
The  procedure  consisted  primarily  of  carefully  testing 
laboratory-compacted  specimens  by  the  open-system  triaxial 
compression  test  to  determine  their  stability  under  the 
influence  of  different  variables.   The  variable  conditions 
introduced  were  aggregate  gradation,  confining  pressure, 
specimen  height,  degree  of  compaction,  type  of  aggregate, 


and  asphalt  content.   The  variable  of  spec  Lien  height  neces- 
sitated the  nolding  of  specimens  whose  height  to  diameter 
ratios  were  less  than  two.   Therefore,  this  phase  of  the 
investigation  is  referred  to  as  the  irrational  triazial 
compression  test  study.   The  triajiial  stability  results 
were  compared  with  the  Hveem  Stabilometer  values  for  the 
two  bituminous  mixtures  having  the  different  gradations,  but 
no  effort  was  made  to  correlate  the  laboratory  findings  with 
the  in-service  performance  that  is  affected  by  traffic  and 
weather. 


REVIEW  OF  LITERATURE 

Many  laboratory  investigations  have  been  conducted  in 
an  attempt  to  measure  the  strength  or  stability  of  compacted 
bituminous-aggregate  mixtures  and  to  develop  empirical  methods 
for  the  design  of  these  mixtures  and  for  the  evaluation  of 
their  required  thic]cnesses  as  the  wearing  surfaces  of  flex- 
ible pavements  (37 »  h-3)  •     However,  upon  reviewing  the  many 
published  articles  written  on  these  subjects,  it  is  readily 
apparent  that  the  established  design  procedures  are  only 
applicable  to  bituminous  mixtures  possessing  a  dense-graded 
aggregate.   Since  certain  bituminous  mixtures  having  a  very 
open  aggregate  gradation  cannot  retain  a  given  molded  shape 
without  the  proper  support,  it  is  evident  that  this  paving 
mixture  must  develop  the  required  confining  effects  to 
sustain  the  applied  traffic  loads.   In  all  the  design  pro- 
cedures except  the  triaxial  test  method,  the  test  specimens 
of  these  mixtures  would  possess  a  very  low  stability  value 
because  these  methods  do  not  provide  sufficient  confinement 
to  this  mixture.   Excluding  these  empirical  test  methods, 
the  triaxial  compression  test  Is  the  only  suitable  method 
for  the  fundamental  evaluation  of  the  true  stability  of  this 
bituminous  mixture  having  a  one-size  aggregate. 

This  review  of  literature  is  restricted  to  articles 
directly  pertaining  to  the  following  subjects  as  related  to 
the  design  of  bituminous -aggregate  mixtures: 

1.  l.iohr's  theory  of  strength. 
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2.  Triaxial  compression  test. 

3.  Analysis  of  triaxial  compression  test  data. 

•     Mohr»s  Theory  of  Strength 

A  basic  understanding  of  the  strength  properties  of 
soils  (a  three-phase  system  of  solid  particles,  water,  and 
air)  has  been  most  accurately  predicated  by  Hohr's  theory  of 
strength  (23,  Iflf,  \\S)  •   Since  a  bituminous-aggregate  mixture 
is  a  plastic  material  similar  to  soils  and  is  a  three-phase 
system  of  solid  mineral  aggregates,  plastic  bituminous  mate- 
rial, and  air,  some  bituminous  paving  engineers  projected 
that  the  strength  properties  of  these  bituminous  construction 
materials  could  be  predicted  by  the  same  theory  applicable 
to  soils.  This  fundamental  concept  has  been  investigated, 
and  it  has  been  determined  that  the  observed  action  of  a 
bituminous -aggregate  mixture  under  the  action  of  a  loading 
system  is  most  nearly  in  accordance  with  I.'ohr's  theory  of 
strength  than  with  any  of  the  other  strength  theories  (IfO). 
It  may  be  concluded  then  that  this  analysis  provides  a  basic 
and  logical  approach  to  the  evaluation  of  the  fundamental 
strength  of  bituminous-aggregate  mixtures. 

The  stability  of  a  bituminous -aggregate  mixture  (the 
ability  to  resist  excessive  deformation  due  to  the  application 
of  a  system  of  loads)  is  thought  to  be  derived  from  the  com- 
bination and  the  interaction  of  two  fundamental  and  independ- 
ent properties  of  the  bituminous  mixture.   These  properties 
are  cohesion  and  internal  friction. 
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The  property  of  internal  friction  is  that  contribution 
to  the  shearing  strength  of  the  bituminous  mixture  derived 
from  the  frictional  resistance  to  the  sliding  of  one  aggre- 
gate particle  over  another  and  from  the  interlocking  of  the 
particles.   The  second  contribution  to  the  shearing  strength 
is  termed  cohesion  which  is  considered  to  be  mainly  a  function 
of  the  bituminous  material.   Cohesion  results  from  the  ability 
of  the  bituminous  material  to  cement  or  bind  the  individual 
particles  of  mineral  aggregate  to  resist  the  applied  shearing 
forces  (17) •   In  regard  to  internal  friction  and  cohesion, 
V.  A.  2ndersby  (10)  stated  that: 

Cohesive  resistance  is  spoken  of  as  "initial  re- 
sistance" because  it  is  independent  of  load,  while 
frictional  resistance  increases  with  load.   The 
two  have  to  be  combined  to  show  the  real  load 
resistance  of  the  material. 

Also,  Endersby  (9)  classified  the  stability  factors  due  to 

the  two  components,  aggregate  and  bituminous  material,  of  a 

bituminous-aggregate  mixture  by  the  following  outline: 

1.  Stability  factors  due  to  aggregate. 

a.  Internal  friction. 

b.  Structural  resistance. 

c.  Cohesion. 

2.  Stability  factors  due  to  asphalt. 

a.  Cohesion. 

b.  Viscous  resistance  -  measured  by  L.  W.  Kijboer  (38) 

c.  Apparent  cohesion. 

d.  Other  variables  depending  on  the  asphaltic 
material. 


The  present  practice  in  the  evaluation  of  triaxial  test 
information  on  bituminous  mixtures  is  predicated  on  the  as- 
sumption that  the  Mohr  rupture  envelope  is  a  straight  line. 
Thus,  constant  values  of  the  angle  of  internal  friction  and 
of  cohesion  are  assigned  to  a  given  bituminous  paving  mix- 
ture for  any  given  condition.  However,  many  bituminous 
mixtures  actually  possess  a  Mohr  rupture  envelope  that  is 
curved.   In  discussing  this  phenomenon,  Sndersby  (10)  sug- 
gested that: 

In  bituminous  paving  mixtures  and  aggregates  the 
envelope  is  usually  found  to  be  curved,  which 
leads  to  four  possible  theories  as  to  the  nature 
of  the  changes  represented  during  loading.  We  may 
assume  that  friction  decreases  with  load  while 
cohesion  is  constant;  that  friction  increases 
while  cohesion  decreases;  that  friction  is  constant 
while  cohesion  Increases;  or  that  a  third  factor, 
"structural  resistance"  akin  to  column  or  arching 
action  (depending  on  dimensions  of  specimen)  is 
present. 

As  Mohr's  theory  of  strength  has  been  extensively  de- 
veloped in  many  textbooks  on  soil  mechanics  (14j.,  \\$)    and  in 
numerous  published  articles  dealing  with  soils  and  bituminous 
materials  (1,  10,  12),  any  further  discussion  of  this  impor- 
tant concept,  which  is  common  knowledge  to  materials  engi- 
neers, is  unwarranted. 

Trlaxial  Compression  Test 

The  triaxial  compression  test  has  been  defined  by 
V.  A.  Endersby  (10)  In  the  following  description: 
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The  word  "triaxial"  is  applied  to  a  form  of  mechan- 
ical test  under  which  a  load  is  applied  axially  to 
a  cylindrical  specimen,  while  a  supporting  pressure 
is  maintained  against  its  sides  by  water,  air,  or 
other  means.   The  limiting  form  in  one  direction 
is  the  simple  compression  test  in  which  the  sup- 
porting pressure  is  zero.  •  •  •  In  the  other 
direction  the  limiting  case  is  that  of  a  load 
applied  axially  to  a  cylinder  which  is  completely 
restrained  laterally.   The  stress-resistant  prop- 
erties of  the  material  tested  triaxially  are 
derived  from  the  relation  between  the  testing  load 
and  the  supporting  pressure. 

There  are  several  important  reasons  for  employing  the 

triaxial  compression  test  to  measure  the  stability  properties 

of  various  bituminous  mixtures.   These  are  summarized  in  the 

following  tabulation: 

1.  A  fundamental  measure  of  the  true  stability  or 
shearing  strength  of  the  bituminous -aggregate  mixture  is 
provided. 

2.  The  results  of  the  triaxial  compression  test  are 
directly  applicable  to  analysis  by  Ifohr's  theory  of  strength, 
which  is  valid  for  cohesive-granular  materials  (1^.0). 

3.  The  application  of  a  controlled  and  measured  lateral 
support,  which  enables  flexible  pavements  to  sustain  the 
large  wheel  loads  and  the  tire  pressures  now  being  employed, 
are  permissible  only  in  the  method  of  triaxial  testing. 

Ij..  Only  the  triaxial  compression  test  will  properly 
measure  the  load  or  stress  required  to  cause  a  certain  amount 
of  deformation  (36) • 

Concerning  the  triaxial  test  as  a  rational  approach  to 
the  evaluation  of  the  strength  of  bituminous  mixtures, 
N.  W.  T.'cLeod  (29,  30,  3I4.) ,  has  written: 
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When  it  comes  to  designing  bituminous  mixtures  of 
any  specified  strength,  the  stability  tests  in  most 
common  use,  Hubbard-FIeld,  Marshall,  and  Hveem 
Stabilometer,  are  not  able  to  measure  the  strength 
of  bituminous  mixtures  in  terms  of  shear  or  any 
other  fundamental  property  on  a  pounds  per  square 
inch  basis.   They  are  strictly  empirical  tests. 
Empirical  methods  have  a  serious  drawback  in  that 
it  is  dangerous  to  extrapolate  their  results  to 
cover  conditions  beyond  those  under  which  they 
were  established.   .,1th  empirical  methods  also,  it 
is  difficult  to  avoid  either  overdesign  or  under- 
design.   In  addition,  in  every  engineering  field 
there  should  be  the  ultimate  objective  of  estab- 
lishing rational  methods  of  design,  in  which  the 
strengths  of  all  materials  employed  are  utilized 
on  a  unit  strength  basis. 

Other  authors  have  also  expressed  the  desirability  of 

the  triaxial  test.   The  following  is  taken  from  an  article 

by  B.  A.  Vallerga  (1^8)  : 

It  has  long  been  recognized  by  those  best  informed 
on  the  behavior  of  granular  materials  when  subjected 
to  highway  loadings  that  the  underlying  principles 
embodied  in  the  triaxial  test  provide  the  most 
promising  approach  to  the  problem  of  properly  and 
accurately  evaluating  the  ability  of  both  soils 
and  asphaltic  mixtures  to  sustain  heavy  vehicle 
loads  in  the  design  of  highway  pavements. 

There  arc  two  general  typos  of  triaxial  compression 
tests.   One  type  is  known  as  the  open  or  applied-pressure 
type,  while  the  other  method  is  classified  as  the  closed  or 
induced-pressure  type  (18)  •   In  the  open-type,  triaxial  com- 
pression test3  are  performed  on  several  different  specimens 
with  a  different  confining  pressure  for  each  specimen.  There 
are  many  references  to  this  type  of  test  (7,  13»  1~K»    17»  27, 
35) •   In  the  closed  type  of  test,  only  one  specimen  is  tested 
to  obtain  a  relationship  between  the  vertical  stress  and  the 
induced  lateral  stress.   The  only  procedure  for  bituminous 
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mixture  design  which  utilizes  the  triaxial  test  is  predicated 
on  the  closed-system  method,  this  design  procedure  being 
known  as  the  "Smith  Triaxial  Method  of  I'ix  Design."  However, 
this  design  method  has  been  used  principally  as  a  research 
tool  (39,  lj-6,  L;.7). 

For  the  purposes  of  this  research  investigation,  the 
type  of  triaxial  compression  test  utilized  was  the  open- 
system  method,  as  the  apparatus  for  this  procedure  was  readily 
available.   Furthermore,  this  system  permitted  the  confining 
pressures  to  be  accurately  controlled. 

Some  groups  of  paving  engineers  regard  the  live  em 
Stabilometer  as  a  form  of  the  "closed"  triaxial  compression 
test.   Recently,  many  laboratory  investigations  have  been 
made  to  measure  the  stability  properties  of  soils  and 
bituminous  mixtures  with  the  Stabilometer  (11,  21,  22,  25>, 
)|1,  L8).   If  the  Hveem  Stabilometer  test  is  to  be  considered 
as  a  triaxial  test  of  the  closed  type,  the  following  items 
must  be  appraised  in  the  evaluation  of  the  results  obtained 
from  this  method  of  test: 

1.  A  specimen  having  a  height  to  diameter  ratio  less  than 
two  (h/d  =  0.625  approximately)  is  specified.  Thus,  an  un- 
measured amount  of  lateral  restraint  is  applied  to  the  test 
specimen  due  to  the  shearing  forces  acting  on  the  ends  of  the 
specimen. 

2.  The  amount  of  confining  pressure  cannot  be  controlled, 
only  measured. 
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3«  The  deformation  of  the  specimen  Is  not  controlled 
in  the  test  procedure,   Some  bituminous  mixtures  may  require 
a  certain  degree  of  deformation  before  sufficient  shearing 
resistance  is  mobilized. 

!(..  The  test  procedure  is  quite  empirical,  when  such 
items  as  the  displacement  pump  operation,  the  coating  of 
open-textured  specimens  with  plaster  of  Paris,  and  the  use 
of  fixed  loads  are  analyzed. 

Certain  empirical  pavement  design  procedures  have  been 
developed  for  specifying  the  thicknesces  of  the  various  com- 
ponents of  a  flexible  pavement,  after  the  triaxial  stability 
values  of  these  individual  components  have  been  ascertained 
(k,    5,  8,  15,  20,  21,  2\,    28,  30,  31,  i|-0,  li-9).   In  the 
application  of  triaxial  test  information  to  the  design  of 
flexible  pavements,  L.  E,  McCarty  (25)  has  presented  the 
following  limiting  criteria: 

Thus,  while  it  is  not  correct  to  base  the  design 
of  comparatively  thick  base  courses  on  results 
from  a  Hveem  stabilometer  test  on  the  small  Hveen 
specimen  without  applying  a  height  correction 
derived  experimentally  or  from  theory,  if  possible, 
for  the  relatively  great  difference  in  structural 
strength,  neither  is  it  correct  to  apply  uncor- 
rected results  from  the  tost  on  a  tall  specimen  in 
the  design  of  thin  bituminous -surf ace  courses.   In 
either  case  independent  correlations  with  field 
performance  would  be  required  for  the  correct  design 
of  various  thicknesses  of  pavement  unless  a  suit- 
able correction  is  applied  to  the  original  test 
results. 

However,  17.  IV.  LIcLeod  (29,  3^)  has  developed  a  method  of 
flexible  pavement  design  in  which  rational  triaxial  specimens 
(height  to  diameter  ratio  is  equal  to  two  or  greater)  are  test- 
ed in  an  open-triaxial-test  system. 
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Analysis  of  Triaxial  Compression  Test  Data 

The  data  obtained  from  triaxial  compression  tests  on 
specimens  of  compacted  bituminous-aggregate  mixtures  may  be 
evaluated  in  a  variety  of  ways.  As  previously  discussed,  the 
shear  failure  of  bituminous -aggregate  mixtures  is  in  close 
agreement  with  Ilohr's  theory  of  strength,  and  the  values 
measured  in  the  triaxial  compression  test  are  best  analyzed 
according  to  this  fundamental  theory.   1,'ohr's  theory  states 
that  a  cohesive -granular  material  will  fail  along  a  given 
shear  plane  when  an  optimum  combination  of  normal  stress  and 
shearing  stress  is  produced  within  the  stressed  specimen. 
The  normal  and  the  shearing  stresses  at  any  point  on  any 
plane  can  be  determined  either  algebraically  or  graphically 
from  the  principal  stresses  at  that  point.   These  equations 
and  the  Hohr  diagram  are  explained  in  considerable  extent 
in  most  textbooks  on  3oil  mechanics  (1)1;.,  1;5)  •   >Vhen  the 
triaxial  test  data  are  secured  for  plotting  Ilohr  circles, 
the..e  circles  represent  the  combinations  of  the  normal  and 
the  shearing  stresses  acting  on  the  various  planes  within 
the  stressed  body.   These  different  circles  are  drawn  for 
the  conditions  of  various  confining  pressures  and  their 
corresponding  normal  stresses. 

The  method  most  commonly  utilized  for  the  analysis  of 
triaxial  test  data,  is  predicated  on  the  assumption  that  the 
I.Iohr  rupture  envelope  is  a  straight  line  and  tangent  to  the 
I'.Iohr  circles  representing  the  failure  condition.   This  line 
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Is  then  a  linear  representation  of  the  shearing  strength 
properties  of  the  material  tested.   This  straight-line  Mohr 
rupture  envelope  is  also  a  graph  of  the  Coulomb  equation  for 
the  shearing  stress  (3) : 

s  *  c  +  p  tan  <p 

where  s  =  shearing  stress  or  strength 
c  =  cohesion 
p  =  nornal  stress 

angle  of  internal  friction 
Thus,  the  angle  of  internal  friction  and  the  cohesion,  the 
basic  properties  of  a  cohesive -granular  mixture,  are  evalu- 
ated as  the  slope  and  the  shear  axis  intercept  for  zero 
normal  stress,  respectively,  of  a  linear  Mohr  envelope. 

This  method  of  analysis  has  been  employed  extensively 
in  the  laboratory  evaluation  of  various  bituminous -aggregate 
mixtures.   Some  of  the  areas  of  investigation  include  the 
applicability  of  a  vacuum  triaxial  technique  (li;-),  the  com- 
parison of  the  triaxial  test  method  with  the  empirical 
Marshall  Method  of  mix  design  (13)  >  the  effects  of  the  ag- 
gregate shape  on  the  stability  of  bituminous  mixtures  (17) # 
the  evaluation  of  the  factors  of  aggregate  orientation  and 
the  method  of  compaction  (16) ,  and  the  determination  of  the 
plastic  properties  for  various  bituminous  mixtures  (33) • 
One  investigator  (6)  has  attempted  to  develop  a  simple  shear 
test  from  which  the  Mohr  diagram  can  be  ascertained. 

For  certain  bituminous  mixtures,  the  Mohr  rupture 
envelope  appears  to  be  curvilinear.   Thus,  the  angle  of 
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internal  friction  and  the  cohesion  are  not  constant  for  a 
given  evaluation,  but  rather  they  vary  for  different  con- 
fining pressures.   Depending  upon  the  degree  of  this  curva- 
ture, the  bituminous  mixture  can  be  assumed  as  having  either 
a  straight  or  a  curved  Llohr  rupture  envelope,   N«  '.'.'.  TIcLeod 
(32,  33)  has  devised  a  rational  method  for  the  design  of 
bituminous  mixtures  with  curved  Mohr  rupture  envelopes, 
assuming  that  this  curved  line  can  be  represented  by  an 
exponential  equation.  IIcLeod  (33)  has  illustrated  that: 

By  employing  the  best  straight  I.iohr  envelope  for  a 
bituminous  mixture  for  which  the  triaxial  data 
actually  plot  as  a  curved  Mohr  envelope,  the  sta- 
bility of  the  paving  mixture  might  be  overesti- 
mated by  as  much  as  30  per  cent, 

A  convenient  method  for  analyzing  triaxial  test  results, 
without  plotting  the  Hohr  diagram,  is  to  plot  a  graph  of  the 
confining  pressure  versus  the  total  normal  pressure.   This 
plot  will  yield  a  straight  line  if  the  I'.ohr  rupture  envelope 
is  linear.   W.  M  Aldous,  R.  G.  Herner,  and  M.  II.  Price  (1) 
have  derived  expressions  for  determining  the  angle  of  internal 
friction  and  the  cohesion  from  the  slope  and  the  vertical 
intercept  of  this  graph  of  the  lateral  and  normal  stresses. 
Although  the  utilisation  of  these  two  equations  are  only 
applicable  to  isotropic  bituminous  mixtures  having  a  linear 
I.Iohr  rupture  envelope  (26),  the  plot  of  the  confining  pressure 
versus  the  total  normal  stress  provides  a  convenient,  graph- 
ical analysis  of  the  strength  properties  of  non-isotropic 
bituminous-aggregate  mixtures  (l6)  having  curved  "ohr  rupture 
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envelopes.  Por  these  cases,  the  plots  will  be  curved,  and 
values  of  the  angle  of  Internal  friction  and  cohesion  will 
vary  for  different  confining  pressures. 

In  conclusion  to  this  discussion,  R.  E.  Gibson  and 
V/.  S.  Housel  (12,  19)  postulate  that  the  angle  of  internal 
friction,  as  evaluated  from  the  I.Iohr  rupture  envelope,  does 
not  actually  represent  the  Internal  frictional  resistance  of 
a  bituminous  mixture;  and  that  the  cohesion,  as  determined 
from  the  vertical-axis  intercept,  does  not  correctly  measure 
the  shearing  resistance  provided  by  the  bituminous  material. 
It  has  been  further  pointed  out  that  the  Coulomb  equation 
and  the  linear  laohr  stress  envelope  violate  the  basic  laws 
of  static  equilibrium  when  used  with  triaxial  test  data,  as 
this  equation,  or  its  graphical  representation,  cannot  be 
properly  applied  to  the  internal  stability  of  granular 
materials  (19) • 
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MATERIALS 


Since  the  ty  e  and  the  shape  of  mineral  aggregates  were 
considered  as  variables  in  this  investigation,  two  locally- 
available  mineral  aggregates  v/ere  selected  for  use  in  this 
study  to  ascertain  the  effects  of  these  two  variables  on  the 
stability  of  the  compacted  bituminous-aggregate  specimens* 
A  detailed  description  of  these  aggregates  as  well  as  the 
identifying  test  values  for  the  selected  bituminous  material, 
the  other  basic  component  of  the  bituminous- aggregate  mix- 
ture, are  presented  in  tho  following  two  sections. 

Mineral  Aggregate 

The  mineral  aggregates  selected  for  this  research  project 
were  obtained  from  two  cor.imercial  aggregate  companies,  and 
their  physical  characteristics  were  not  altered  in  the  labo- 
ratory except  for  the  gradation.   Both  tho  coarse  and  the 
fine  aggregate  fractions  used  in  the  individual  bituminous 
mixtures  were  of  tho  same  aggregate  type,  either  crushed 
limestone  or  uncrushed  gravel  and  natural  sand.   The  crushed 
limestone  was  obtained  from  the  Ohio  and  Indiana  Stone  Com- 
pany, Greencastle,  Indiana,  while  the  uncrushed  gravel  and 
natural  sand  were  secured  from  the  Western  Indiana  Sand  and 
Gravel  Company,  Lafayette,  Indiana. 

The  procedures  outlined  in  the  ASTI.I  Standards  (2)  were 
followed  in  the  determination  of  the  specific  gravities  and 
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absorption  values  of  these  materials.   Standard  test  method 
C127-l}-2  applied  to  the  coarse  aggregate,  while  standard  test 
method  Cl23-!{-2  was  applicable  to  the  fine  aggregate  fraction, 
The  results  of  these  tests  are  shown  in  Table  1. 

TABLE  1 

Specific  Gravities  and  Absorption  of  Aggregate 

Aggregate         Bulk  3p  Gr   Apparent  Sp  Or   ,\   Absorption 

Crushed  Limestone    2.66  2.71  0.7^4- 

Unc rushed  Gravel     2.60  2»7ij-  2.00 

natural  Sand         2.51}.  2.6c3  2.0l|. 


As  previously  mentioned,  one  of  the  variables  in  this 
investigation  was  the  gradation  of  the  aggregate.   The  open- 
graded  aggregate  corresponded  to  the  requirements  for  the 
Hot  Asphaltic  Concrete  Binder  Course,  and  the  one-size  aggre- 
gate followed  the  Bituminous  Coated  Aggregate  Surface  (size 
No.  9  aggregate)  gradation,  as  presented  in  the  Indiana  State 
Highway  Department  Specifications  {\\2)  •   Samples  of  these  two 
gradations  are  pictured  in  Fig.  1  for  the  crushed  limestone 
aggregate  and  in  Fig.  2  for  the  unc rushed  gravel  and  natural 
sand  aggregate.   The  sieve  analysis  of  these  open-graded  and 
one-size  aggregates  is  presented  in  Table  2.   A  graphical 
plot  of  the  gradation  of  these  two  aggregates  is  shown  by 
the  aggregate  gradation  curves  in  Fig.  3» 


i    CRUSHED  LIMESTONE    *  '^\.S     < 

-'open-graded    ;  '  ^     JL3      :" 
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Pig,   1      Crushed  Limestone   Aggregate,   Open-Graded 
and   One-Size   Gradations 
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'  ■*.  *    UNCRUSHED  GRAVEL  *§■'* 
.•■■•.•'.  ,-^r'i       8,  NATURAL  SAND   f>   '.    "-  f 

— "  >  I 


OPEN-GRADED 


Pig.  2  Uncrushed  Gravel  and  natural  Sand  Aggregate, 
Open-Graded  and  0ne-3ize  Gradations 


TABLE  2 

Sieve  Analysis  of  Open-Graded  and  One-Size  Aggregates 

(Percent  by  ..eight) 
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Bituminous  Material 

The  bituminous  material  used  in  this  study  was  a  No.  65 
Paving  Cement  obtained  from  the  Texas  Company,  Port  Neches, 
Texas.   This  asphalt  cement  is  further  classified  as  a  60-70 
penetration  grade.   Several  standard  tests  were  performed  in 
the  laboratory  on  this  asphaltic  material.   The  results  of 
these  tests  along  with  the  designation  of  the  applicable 
American  Society  of  Testing  Materials  standard  method  of 
test  are  presented  in  Table  3« 

TABLE  3 

Physical   Tests   on  60-70   Penetration  Grade   Asphalt   Cement 

Test  AST!.:   Test  1:0.  Results 

Peneti-ation  -  l/lOO   cm  D5-52  66 

(77   7,   100   g,    5  sec) 

Specific   gravity  D70-52  1,018 

(77  P  /  77  P) 

Ductility  -   cm  D113-l|4  1^0  "*~ 

(77   P,   5  em/see) 

Solubility  in   CCl^  -   %  Dl65-J^2  99.21 

Loss   on  heatinr   -     \  D6-39T  0.01 

(50  g,    5  hr,   325  P) 

The   asphalt   contents   for   the   different  aggregate   grad- 
ings  were  maintained   at   5.0  percent  by  weight  of   the   total 
mixture   throughout  most   of   this   research   investigation. 
These   percentages   of  asphalt    cement  used  in   the   open-graded 
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and  the  one-size  aggregate  fixtures  were  those  normally  spec- 
ified for  actual  construction  by  the  Indiana  State  Highway 
Department. 

In  one  phase  of  this  research  study,  the  asphalt  contents 
of  the  open-graded  specimens  and  the  one-size  specimens  were 
altered  to  furnish  information  concerning  the  effects  of 
asphalt  content  on  the  triaxial  stability  values  of  these 
two  differently  graded  specimens  tested  at  a  range  of  con- 
fining pressures.   The  various  asphalt  contents  used  in  the 
open-graded  and  the  one-size  compacted  bituminous-aggregate 
specimens  are  presented  in  Table  lj.« 

TABLE  I4. 

Asphalt  Contents  for  Different  Aggregate  Gradations 

Aggregate  Asphalt  Content 

Gradation         (Percent  of  total  mixture  weight) 


Open-Graded 
One-size 


1>0,  £.0,  6,0 
3.0,  l\.»0,    5.0 
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APPARATUS  AND  PROCEDURE 

The  apparatus  and  the  procedure  utilized  in  this  labo- 
ratory investigation  will  be  discussed  in  the  following  five 
general  operations: 

1.  Preparation  of  the  a~gregate, 

2.  Preparation  of  the  test  specimen. 

3.  Density  determinations. 

if.  Triaxial  compression  test. 
5«  Data  reduction. 

Preparation  of  the  Aggregate 

The  following  apparatus  were  used  in  the  preparation  of 
the  mineral  aggregate : 

1.  Gil son  mechanical  sieving  machine. 

2.  Tyler  Company  Ro-Tap  Testing  Sieve  Shakor. 

3.  U.  S.  Standard  sieves;  sizes  3A-  in.,  l/2  in.,  3/8  in., 
Nos.  Ij.,  6,  8,  16,  50,  100,  and  200. 

h,..   Torsion  balance  -  capacity  of  h.»$   kg« 
The  mineral  aggregates  as  received  from  the  commercial 
sources  consisted  of  both  coarse  aggregate  and  fine  aggregate 
fractions.   In  order  to  provide  a  high  degree  ox    control  over 
the  aggregate  gradations,  these  mineral  aggregates  were  sep- 
arated into  various  sieve  size  fractions  and  then  were  re- 
combined  in  the  desired  proportions.   These  aggregates  were 
allowed  to  dry  in  air  before  sieving. 
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The  coarse  aggregates  were  separated  by  a  Gilson  mechan- 
leal  sieving  machine  to  obtain  the  required  aggregate  frac- 
tions of  3/1l  in.  to  1/2  in.,  l/2  in.  to  3/8  in.,  and  3/3  in. 
to  No.  Ij..   The  Tyler  Company  Ro-Tap  Testing  Sieve  Shaker  was 
used  to  divide  the  fine  aggregates  into  the  required  aggre- 
gate fractions  of  No.  If  to  No.  6,  ITo.  6  to  No.  8,  No.  8  to 
No.  16,  No.  16  to  No.  50,  No.  50  to  No.  100,  and  No.  100  to 
No.  200.   The  separate  fractions  of  the  aggregate  were  stored 
in  covered  containers  until  needed.   The  sieving  operations 
were  carried  on  throughout  the  investigation  so  that  a  supply 
of  aggregate  was  always  available. 

Just  prior  to  the  preparation  of  the  test  specimen,  the 
separate  aggregate  fractions  were  combined  into  aggregate  mix- 
tures having  the  correct  proportions  by  weight  as  given  in 
Table  2.   To  produce  a  rational  triaxial  test  specimen  having 
a  diameter  of  ^  in.  and  a  height  of  10  In.,  combined- aggre- 
gate weights  of  k7^0  g  and  3l|20  g  were  selected  for  the  open- 
graded  mixtures  and  the  one-size  mixtures,  respectively. 
When  the  irrational  triaxial  test  specimens  having  a  dia- 
meter of  i}.  in.  and  a  height  of  1;  in.  were  prepared,  the  ag- 
gregate v/eights  were  1900  g  for  the  open-graded  mixtures  and 
1363  g  for  the  one-size  mixtures.   For  the  taller  specimens 
(10  in.)  only  one-half  of  the  required  aggregate  needed  for 
one  specimen  was  weighed  into  a  batch  pan  because  of  the  lim- 
ited capacity  of  the  mechanical  mixer.  However,  the  total 
weight  of  aggregate  used  in  the  shorter  specimens  (l\.   in.)  was 
batched  into  a  single  pan. 
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Preparation  of  the  Test  Specimen 

In  the  preparation  of  the  triaxial  test  specimens,  the 
following  apparatus  were  employed: 

1.  Peerless  gas  oven  with  temperature  control. 

2.  Modified  Kobart  electric  mixer  v/ith  flat  bottom 
mixing  bowl. 

3.  Ohaus  beam  balance. 

Ij..  Assembled  compaction  mold, 
5»  Quart  sauce  pans. 
6.  Plat  shallow  pans. 
7»  Large  metal  spoons. 

8.  Armored  thermometers,  5>0  to  lj-50  F. 

9.  Stop  watch. 

10.  Circular  paper  discs  -  diameter  of  If.  in. 

11.  Round  steel  bar  -  diameter  of  3A\-   in.  and  weight  of 

l.k   lb. 

12.  Blackhawk  hydraulic   compaction  device   -   50-ton  capac- 
ity with  three  ranges. 

13.  Leather  mallet. 

li(..  Hobart  Brothers  air  compressor. 

l5«  Cleveland  pneumatic  vibrator  v/ith  a  compaction  foot 

having  a  diameter  of  2.5  in. 
l6.  Sheet  metal  containers  -  diameter  of  if  in.  and  height 

of  12  in. 
17*  Cold  water  bath. 
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Before  the  actual  molding  operations  were  started,  the 
asphalt,  the  aggregate,  the  mixing  equipment,  and  the  com- 
paction equipment  were  prepared  for  use.   The  bulk  asphalt 
cement  was  obtained  from  the  refinery  in  five  gallon  cans. 
Only  the  required  amount  of  asphalt  cement  needed  for  one 
specimen  was  heated  at  one  time.   This  was  removed  from  the 
container  by  cutting  with  a  heated,  large  metal  spoon  and 
was  placed  in  a  quart  sauce  pan.  An  additional  forty  grams 
of  asphalt  cement  were  placed  in  the  sauce  pan  to  compen- 
sate for  that  material  adhering  to  the  inside  of  the  pan. 

The  steel  cylindrical  compaction  mold  having  an  inside 
diameter  of  Ij-.O  in.  was  cleaned  2nd  all  faces  that  were  to 
be  in  contact  with  the  bituminous  mixture  were  coated  with 
a  light  lubricating  oil.   A  view  of  the  mold  disassembled 
is  shown  in  Pig.  I+.   The  compaction  mold  was  then  assembled 
by  use  of  the  aligning  studs,  and  the  two  halves  were  firm- 
ly bolted  together.   The  lower  piston  was  held  in  place  with 
a  steel  pin. 

As  the  details  for  the  preparation  of  the  test  speci- 
mens varied  in  certain  instances  for  the  two  factors  of  ag- 
gregate gradation  and  specimen  height,  various  parts  of  the 
following  procedure  will  be  subdivided  to  account  for  these 
differences. 

1.  The  pans  of  aggregate  into  which  an  armored  ther- 
mometer had  been  inserted  were  placed  in  the  heated  oven 
(the  oven  regulator  was  set  at  \$0   P)  • 
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Pig,   I4.     Cylindrical  i'.old   and  Typical   Test   Specimens; 
Triajcial,    Modified   Triajcial,    and  Stabiloneter 
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a.  10-in.  specimen  -  each  batch  pan  contained 
only  one-half  the  amount  required  for  a  test  specimen. 

b.  If- in.  specimen  -  each  batch  pan  contained  the 
total  amount  needed  to  form  a  test  specimen. 

2.  When  the  temperature  of  the  aggregate  was  approxi- 
mately 

a.  225  F  for  the  open-graded  aggregate, 

b.  12^  F  for  the  one-size  aggregate, 

the  pan  of  asphalt  cement  containing  another  armored  ther- 
mometer was  placed  in  the  oven.   A.t  the  same  time  the 
assembled  compaction  mold,  the  upper  coinpaction  piston,  the 
mixing  bowl,  the  mixing  paddle,  the  round  steel  bar,  a  flat 
shallow  pan,  and  two  large  spoons  were  also  placed  in  the 
hot  oven. 

3.  All  the  materials  and  equipment  were  heated  until 
the  temperatures  of  the  aggregate  and  the  asphalt  cement  were 

a.  300  t  10  P  and  275  JT  10  F>  respectively,  for 
the  open-graded  aggregate. 

b.  200  ±   10  F  and  235  1  10  P»  respectively,  for 
the  one-size  aggregate. 

An  attempt  was  made  to  have  the  aggregates  and  the  asphalt 
cement  reach  their  required  temperatures  at  the  same  time. 
Overheating  of  the  asphalt  cement  was  avoided  as  this  would 
have  changed  its  characteristics. 

ij..  When  the  materials  reached  the  proper  temperature, 
the  heated  mixing  bowl  was  placed  on  the  beam  balance  which 
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was  then  tared.   The  aggregate  from  one  batch  pan  was  placed 
in  the  nixing  bowl,  and  its  weight  to  the  nearest  gram  was 
determined.   This  provided  a  check  on  the  aggregate  batching 
operation  as  any  discrepancy  in  the  weight  would  indicate 
either  the  absence  of  various  aggregate  fractions  or  the 
improper  weights  of  any  aggregate  sizes • 

5«  The  weight  of  asphalt  cement  to  be  incorporated  with 
the  aggregate  was  added  to  the  beam,  and  the  hot  material 
was  poured  into  the  metal  mixing  bowl  until  the  beam  was 
balanced. 

6.  For  the  10-in.  specimens,  the  pan  of  asphalt  cement 
was  returned  to  the  oven  to  regain  the  designated  temperature 
since  the  material  for  the  specimen  was  mixed  in  two  separate 
batches. 

7.  The  mixing  paddle  was  removed  from  the  oven  and 
placed  in  position  on  the  Hobart  mixer. 

8.  With  the  mixer  operating  at  the  slow  speed,  the 
asphalt  cement  and  aggregate  contents  of  the  mixing  bowl 
were  mixed  for  two  minutes  as  measured  by  a  stop  watch. 

9»  After  the  mixing  operation  was  completed, 

a.  the  hot  bituminous -aggregate  mixture  for  the 
10-in.  specimens  was  placed  in  a  flat  metal  pan  that  had 
been  heated  in  the  oven.   To  prevent  this  half  of  the  mate- 
rial needed  for  one  test  specimen  from  cooling  during  the 
mixing  of  the  other  portion,  this  pan  containing  the  mixture 
was  placed  on  the  bottom  shelf  of  the  oven  with  the  door 
remaining  open. 
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b.  the  hot  bituminous-aggregate  mixture  for  the 
k-in.  specimens  was  transferred  directly  from  the  mixing 
bowl  to  the  compaction  mold  by  a  heated  spoon,  following 
the  method  given  in  Part  12. 

10.  For  the  taller  specimens  requiring  the  mixing  of 
the  material  in  two  separate  batches,  a  new  tare  weight  of 
the  mixing  bowl  was  determined  on  the  beam  balance  since  the 
bov/1  contained  a  small  amount  of  the  previous  mixture.  The 
mixing  procedure  was  an  exact  duplication  of  that  specified 
for  the  first  half  of  the  bituminous-aggregate  mixture. 

After  the  mixing  operations  were  completed,  the  second  portion 
of  the  mixture  was  then  placed  in  the  flat  pan  with  the 
first  portion.   These  two  portions  were  thoroughly  blended 
by  mixing  with  the  heated  spoon. 

11.  Hear  the  end  of  the  mixing  operations,  the  heated 
compaction  mold  and  the  heated  upper  piston  were  removed  from 
the  oven  and  placed  on  the  work  bench.   A  l;-in.  diameter  cir- 
cular disc  cut  from  brov/ii  wrapping  paper  was  inserted  in  the 
bottom  of  the  mold  to  prevent  the  finished  specimen  from  ad- 
hering to  the  lower  piston. 

12.  The  compaction  mold  was  filled  in 

a.  four  equal  layers  for  the  10-in.  te3t  specimens. 

b,  two  equal  layers  for  the  k-in.  test  specimens, 
"ach  layer  was  rodded  25  times  with  a  3/k-in.  round  steel  bar 
that  weighed  1.1|  lb.   After  the  rodding  of  the  last  layer, 
another  circular  paper  disc  was  placed  in  the  mold  to  prevent 
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any  bond  between  the  specimen  and  the  upper  piston.   This 
step  was  completed  by  inserting  the  tipper  piston  into  the 
compaction  mold.   In  one  phase  of  this  study,  one-size  spec- 
imens with  density  values  greater  than  that  produced  by  the 
normal  procedures  were  desired.   To  produce  these,  each  layer, 
after  rodding,  was  further  compacted  by  placing  the  compaction 
foot  of  the  pneumatic  vibrator  around  the  surface  of  the  mix- 
ture layer  for  one  minute,  with  the  pneumatic  vibrator  oper- 
ating at  a  pressure  of  60  psi.   This  pneumatic  vibrator  with 
the  compaction  foot  is  illustrated  in  Pig,  5» 

13,  The  filled  compaction  mold  was  centered  in  the  hy- 
draulic compaction  device.   This  compaction  device  with  the 
compaction  mold  in  place  is  shown  in  Fig,  6.  When  the  steel 
pin  holding  the  lower  piston  in  place  was  removed,  both  the 
upper  and  the  lower  pistons  were  free  to  move  inside  the 
compaction  mold,  thereby  permitting  the  specimen  to  be  com- 
pacted from  both  ends. 

1I4.,  a.  In  the  double -plunder  compaction  of  the  open- 
graded  specimens,  the  hydraulic  jack  with  the  tonnage  selec- 
tor initially  set  at  15  tons  was  used  to  gradually  apply 
pressure  to  the  upper  and  lower  pistons.  When  the  pressure 
reached  the  1500  psi  mark  on  the  gage,  the  tonnage  selector 
was  shifted  to  the  5>0-ton  setting.   The  loading  was  continued 
until  the  gage  pressure  read  2^00  psi,  thus  obtaining  a 
pressure  of  approximately  2170  psi  on  each  end  of  the  specimen, 

b.  In  the  compaction  of  the  one -size  specimens  by 
the  double -plunger  method,  the  hydraulic  jack  with  the  tonnage 
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Fig.  5   Pneumatic  Vibrator  with  Compaction  Foot 
and  Specimen  Mold 
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Pig.   6     Hydraulic   Jack  with  Cylindrical  Mold   in 
Place   for  Double-! lunger  Coi-ipaction 
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selector  set  at  15  tons  was  used  to  gradually  apply  a  pressure 
to  the  upper  and  lower  pistons  until  a  value  of  500  psi  was 
obtained  on  the  gage.   This  produced  a  pressure  of  approxi- 
mately 1^30  psi  on  each  end  of  the  specimen.   To  provide 
better  compaction*  the  compaction  mold  was  vibrated  by 
striking  it  with  a  leather  mallet  for  50  blows,  while  the 
compacting  load  of  500  psi  was  maintained, 

15»  These  pressures  were  maintained  constant  for  one 
minute  (as  measured  by  a  stop  watch)  and  then  released. 

l6.  The  compaction  mold  containing  the  compacted  specimen 
was  immersed  in  a  circulating  cold-water  bath  for  a  period 
of  8  to  12  min. 

17 •  After  the  cooling  period,  the  compaction  mold  was 
replaced  in  the  hydraulic  compaction  device,  and  a  slight 
pressure  was  applied  to  the  upper  piston.   This  forced  the 
specimen  to  move  a  short  distance  inside  the  mold,  thus 
breaking  the  bond  between  the  specimen  and  the  sides  of  the 
mold. 

18.  After  the  compaction  mold  was  removed  from  the  hy- 
draulic compaction  device,  the  specimen  was  removed  by 
disassembling  the  mold.   The  newly  formed  test  specimens 
wore  placed  in  a  convenient  storage  area  at  room  temperature 
until  the  time  for  testing.  However,  the  one-size  specimens 
would  not  retain  their  original  shape  at  room  temperatures 
for  more  than  four  hours.   Therefore,  light-weight,  sheet 
metal  containers  were  placed  around  these  specimens  as  soon  as 
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they  were  taken  from  the  conpaction  mold.   These  containers 
were  not  removed  until  the  specimens  were  to  be  tested. 

Typical  specimens  with  both  the  open-graded  and  the  one- 
size  aggregates  and  a  container  for  the  one-size  specimens 
are  pictured  in  Fig.  7« 

Density  Determinations 

In  determining  the  densities  and  the  change  in  volume 
of  the  triaxial  test  specimens,  the  following  apparatus  were 
used: 

1.  Torsion  balance  -  capacity  of  if. 5  kg. 

2.  15-gal  can  filled  with  water. 

3.  Suspension  rod. 

Ij..  Suspension  basket. 

5»    Polyethylene  plastic   3heeting  -  thiclmess  of  0.002   in. 

6.  Paraffin. 

7.  Dial  indicator  -  0.001-in.  scale  divisions. 

8.  Support  stand. 

During  the  triaxial  compression  test  of  the  open-graded 
specimens,  there  was  no  measurable  evidence  of  any  change  in 
the  volume  of  the  sample.   Therefore,  it  was  assumed  that  the 
volume  of  the  specimen  remained  constant  throughout  the  tri- 
axial test.   Before  the  actual  testing,  each  open-graded 
specimen  was  weighed  to  the  nearest  0.1  g  on  the  torsion 
balance.   The  height  of  the  specimen  was  determined  to  the 
nearest  0.01  in.  by  averaging  six  measured  heights  obtained 
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Pig.  7   Open-C-raded  and  One -Size  Mixture  Specimens 
and  One-Size  Specimen  Container 


14-0 


from  reading  the  referenced  dial  indicator  mounted  on  the 
support  stand,  as  shown  in  Fig.  8.   These  values  thus  per- 
mitted the  density  of  the  specimen  to  be  computed. 

However,  the  one-size  specimens  experienced  a  measurable 
reduction  in  volume  when  they  were  subjected  to  the  triaxial 
conpression  test.   Since  a  measure  of  this  volume  change  was 
required  for  the  proper  reduction  of  the  triaxial  test  data, 
the  volumes  (and  also  the  densities)  of  the  specimen  both 
before  and  after  the  test  were  determined.   The  accepted 
procedure  (lj.7)  of  coating  the  porous  specimen  with  melted 
paraffin  during  the  density  evaluation  was  not  feasible  as 
the  paraffin  flov/ed  into  the  voids  of  the  mixture  and  pro- 
duced erroneous  results.   Therefore,  the  following  procedures 
were  adopted  to  measure  the  densities  and  the  volumes  of  the 
one-size  specimens  with  an  acceptable  degree  of  accuracy, 

1.  The  weight  in  air  of  the  test  specimen  was  determined 
on  the  torsion  balance,   (All  weight  readings  were  obtained 
to  the  nearest  0,1  g«) 

2,  The  height  of  the  specimen  was  determined  to  the 
nearest  0,01  in,  by  averaging  six  measured  heights  obtained 
from  reading  the  referenced  dial  indicator  mounted  on  the 
support  stand,  as  shown  in  Pig,  8, 

2,  The  cylindrical  surface  of  the  test  specimen  was 
then  tightly  wrapped  in  a  thin  sheet  of  polyethylene  plastic, 
and  the  weight  in  air  of  the  specimen  plus  the  plastic 
sheeting  was  recorded. 


IH 


Pig.  3  Specimen  Height  Determination 
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!".•  After  the  ends  of  the  specimen  and  the  plastic  seams 
were  sealed  by  brushing  with  melted  paraffin  so  as  to  com- 
pletely water-proof  the  specimen,  the  weight  in  air  of  the 
encased  specimen  was  determined. 

5,  After  taring  the  torsion  balance  for  the  suspension 
rod  and  the  suspension  basket  which  was  completely  submerged 
in  the  water  contained  In  the  15-gal  can,  the  encased  spec- 
imen was  placed  in  the  suspension  basket,  and  the  weight  of 
the  specimen  In  water  at  room  temperature  was  obtained.   The 
laboratory  setup  for  the  density  determination  is  pictured 
in  Pig,  9. 

6,  After  determining  these  four  weights  both  before  and 
after  the  triaxial  compression  test  and  knowing  the  specific 
gravity  values  of  the  polyethylene  plastic  and  the  paraffin, 
the  volumes  and  the  densities  of  the  specimen  before  and 
after  the  triaxial  test  and  the  change  In  volume  were  calcu- 
lated as  shown  by  the  sample  data  sheet  in  Pig,  10. 

7,  Tho  specimen  was  prepared  for  the  triaxial  compression 
test  by  removing  the  casing  of  polyethylene  plastic  and 
paraffin.   Those  that  had  been  tested  were  discarded  without 
salvaging  the  plastic  sheeting  and  the  paraffin, 

Triaxial  Compression  Test 

In  performing  the  triaxial  compression  test  on  the 
laboratory  compacted  test  specimens  the  following  pieces  of 
apparatus  were  utilized: 
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Pig.  9  Equipment  for  Specimen  Density  Determination 
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DATA  SHEET 
Density  Determinations  -  Bituminous  Mixtures 


Spec  Lien  Eo.  5-2.5-S 

Height 

Wt  of  Specimen  in  Air 

VVt  of  Specimen  2:  Plastic 
in  Air 

Wt  of  Specimen,  Plastic,  cz 

Paraffin  in  Air 

.Vt  of  Encased  Specimen 
in  Vater 

Vol  of  Encased  Specimen 

(3  -  h) 

Sp  gr  of  Polyethylene  elastic 

3p  gr  of  Paraffin 

Vol  of  Plastic  (2  -  l)/6 

Vol  of  Paraffin  (3  -  2)/7 

Vol  of  Specimen  (5-3-9) 

Density  of  Specimen 
1/10  x  62.1]. 


Before   Test 
3.  96 

in. 

: 

g 
g 

s 

cc 
9Z 

After   Test 
3.  18 

/4Z/.& 

/4ZO-3 

/4Z4 ■  4 

/4Z3.Z 

/45G-  & 
C/l-  5 

/452  O 

Z4&-3 

845  I 

805-7 

o 

OS8 

2.<S 

cc 
cc 
cc 

lb 

cu    ft 

3-Z 

366 

52- 7 

805-7 

-769  8 

/to-  I 

//S  I 
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1.  Riehle  nechanical  testing  machine  with  a  variable 
speed  drive  -  capacity  of  50*000  lb. 

2.  Proving  rings  -  capacities  of  l]-000  lb  and  10,000  lb. 

3.  Triaxial  test  cell. 

ij..  Rubber  membranes  -  diameter  of  l\.   in.,  length  of  12  in., 
and  thickness  of  0.0l£  in, 

5.  Cenco  vacuum  pump. 

6.  Bottled  nitrogen. 

7.  Airco  nitrogen  regulator. 

8.  Polyethylene  plastic  3heeting  -  thickness  of  0,010  in. 

9.  Dial  indicator  -  0.001-in,  scale  divisions. 

10.  Support  bracket. 

11.  Copper  tubing, 

12.  Vacuum  hose, 
13 •  Rubber  bands. 

llj..  Room  thermometer. 
General  views  of  the  complete  assembly  for  the  triaxial 
compression  test  are  shown  in  Pig.  11  for  the  rational  test 
and  in  Pig.  12  for  the  irrational  or  modified  test,   A 
schematic  diagram  of  the  triaxial  test  cell  is  illustrated 
in  Pig.  13,   The  compression  load,  as  measured  by  a  proving 
ring,  was  transferred  to  the  test  specimen  through  the  ver- 
tical loading  piston  and  the  upper  loading  plate,   A  ball 
bushing  assembly  with  a  grease  seal  in  the  cover  plate  per- 
mitted the  load  to  bo  applied  with  both  a  negligible  amount 
of  side  friction  and  a  negligible  I033  of  nitrogen  from  the 
triaxial  coll.   As  a  safety  measure,  a  relief  valve  set  at 
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Pig.  11   Rational  Triaxial  Compression  Test 
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Fig.  12  Irrational  Triaxial  Compression  Test 
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DETAILS   OF  TRIAXIAL  CELL 


FIG.  13 


Key  to  Figure  13 

la  Vertical -movement  dial  indicator. 

2.  Proving  ring, 

3«  Load  dial  indicator. 

I)..  Loading  piston. 

5«  Relief  valve. 

6.  Upper  drainage  connection, 

7.  Upper  loading  plate. 

8.  Steel  cylindrical  wall  of  the  triaxial  cell. 
9«  Lower  loading  plate. 

10.  Lower  drainage  connection. 

11.  Lower  platen  of  the  testing  machine. 

12.  Base  of  the  triaxial  cell. 
13 •  Rubber  membrane. 

llj..  Compacted  bituminous-aggregate  test  specimen. 

15 •  Threaded  connecting  rod. 

l6.  Rubber  gasket. 

17 •  Cover  plate. 

18#  Compressed  nitrogen  inlet. 

19 •  Ball  bushing  with  grease  seal. 

20.  Upper  platen  of  the  testing  machine. 
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195  pai  was  installed  in  the  cover  plate.   Because  the  dial 
indicator  was  referenced  to  the  upper  platen  of  the  testing 
machine,  the  corresponding  load  dial  indicator  reading  was 
subtracted  from  the  deflection  dial  reading  to  obtain  a  true 
measure  of  the  vertical  movement  of  the  test  specimen. 
Since  only  open-graded  and  one-size  bituminous-aggregate 
specimens  were  tested  in  the  triaxial  apparatus,  Just  the 
lower  drainage  system  was  required  to  evacuate  the  specimen 
for  the  leakage  check  before  the  test  and  to  indicate  any 
leal-cage  and  pore  pressure  build-up  during  the  test.   There- 
fore, the  upper  drainage  connection  was  sealed  off. 

At  certain  times  the  variable  of  testing  temperature 
was  difficult  to  maintain  within  the  prescribed  range  of 
77  1  5  F  since  no  temperature  control  devices  were  available. 
After  the  initial  density  determination  had  been  completed 
and  with  the  specimen  at  the  correct  room  temperature  (in 
the  ran^e  of  77  -   5  P) »  the  triaxial  compression  test  v/as 
performed  on  the  laboratory  compacted  specimen  in  the  follow- 
ing detailed  manner: 

1.  A  rubber  membrane  obtained  from  Soiltest,  Inc.,  v/as 
rolled  up  and  fitted  over  the  lower  loading  plate, 

a.  If  the  confining  pressure  v/as  60  psi  or  greater, 
the  open-graded  specimens  were  wrapped  in  a  sheet  of  poly- 
ethylene plastic  to  prevent  the  rupturing  of  the  rubber 
membrane, 

b.  If  the  confining  pressure  v/as  30  psi  or  greater, 
the  one-size  specimens  were  wrapped  in  a  sheet  of  polyethylene 
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plastic  to  protect  the  rubber  membrane  against  rupture* 
A  series  of  check  tests  at  a  confining  pressure  of  90  psi 
showed  that  the  use  of  the  polyethylene  plastic  wrapping 
produced  no  measurable  influence  on  the  results  of  the 
tria:cial  compression  tests  performed  on  open-graded  rational 
specimens  as  compared  to  identical  specimens  tested  under 
identical  conditions  without  the  provision  of  a  plastic 
wrapping. 

2»  After  the  upper  loading  plate  was  placed  on  top  of 
the  specimen,  the  rubber  membrane  was  rolled  up  over  the 
specimen  and  this  loading  plate.   Several  rubber  bands 
secured  the  ends  of  the  rubber  membrane  to  the  upper  and 
the  lower  loading  plates. 

3.  A  vacuum  hose  was  attached  to  the  lower  drainage 
connection  which  was  open.   The  air  inside  the  test  speci- 
men was  slowly  evacuated  with  the  Cenco  vacuum  pump  until 
the  rubber  membrane  was  tight  around  the  specimen.   Then 
the  lower  drainage  line  was  closed,  and  the  vacuum  hose  was 
removed.   This  operation  and  the  position  of  the  specimen 
in  the  triaxial  test  cell  are  illustrated  in  Pig.  ll).. 

i|.«  The  rubber  membrane  was  assumed  to  be  air-tight 
if  the  vacuum  was  maintained  for  a  period  of  at  least  five 
minutes.   However,  if  the  vacuum  did  not  remain  within  this 
interval,  an  air  leak  was  indicated.   The  source  of  this 
leak  was  located,  and  the  leakage  was  eliminated  before  the 
actual  testing  operations  commenced. 
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Pig.  llf  Preparation  for  the  Triaxial  Compression 
Test 


53 

5>«  After  an  air-tight  rubber  membrane  was  secured,  the 
triaxial  test  cell  was  completely  assembled  by  placing  the 
steel  jacket  around  the  specimen  and  by  connecting  the  cover 
plate  to  the  base  with  three  threaded  connecting  rods.   The 
assembly  was  so  aligned  that  the  lower  hemispherical  end  of 
the  loading  piston  was  seated  in  the  hemispherical  recession 
in  the  upper  loading  plate.   The  radius  of  the  recession  in 
the  plate  was  much  larger  than  that  for  the  lower  end  of  the 
piston, 

6,  The  triaxial  test  cell  was  centered  in  the  Riehle 
testing  machine,  ?nd  the  upper  platen  was  lowered  to  bring 
the  proving  ring  in  contact  with  the  upper  end  of  the  loading 
piston.   Likewise,  the  hemispherical  end  of  the  piston  had  a 
radius  smaller  than  that  of  the  hemispherical  recession  at 
the  hot ton  of  the  proving  ring.   The  copper  tubing  was  then 
attached  to  connect  the  triaxial  tost  cell  with  the  regulated 
supply  of  bottled  nitrogen. 

7.  ..ith  the  lower  drainage  connection  open  to  the  atmos- 
phere, the  desired  confining  pressure  was  applied  to  the 
test  specimen  by  setting  the  Airco  nitrogen  regulator  at  the 
correct  mark. 

8»  The  deflection  dial  was  held  in  position  by  a  support 
bracket  attached  to  the  testing  machine  frame.   This  dial 
was  placed  so  that  there  v/as  initially  a  positive  contact 
with  the  upper  platen  of  the  testing  machine. 

9,  After  setting  the  load  dial  and  the  deflection  dial 
to  read  zero,  the  test  specimen  was  loaded  at  the  rate  of 


0.05  in.  por  min.  As  the  test  progressed,  simultaneous 
readings  of  both  the  load  and  the  deflection  dials  were 
obtained  periodically.   A  sample  data  sheet  is  presented  in 

Pig.  15. 

10.  The  loading  was  continued  until  the  desired  anount 
of  strain  was  reached.  At  the  end  of  the  test  the  testing 
machine  was  stopped,  the  nitrogen  was  released  from  the 
triaxial  cell,  and  the  load  was  removed  by  raising  the 
upper  platen  of  the  testing  machine. 

11.  The  triaxial  test  cell  was  then  disassembled,  and 
the  test  specimen  was  removed. 

Data  Itediiction 

After  the  triaxial  compression  test  was  completed,  a 
graph  of  the  load  dial  reading  as  the  ordinate  versus  the 
vertical  deflection  dial  reading  as  the  abscissa  was  plotted. 
By  drawing  the  best  straight  line  through  the  linear  portion 
of  these  data,  a  correction  v/as  obtained  so  that  the  deflec- 
tion would  be  zero  for  the  no-load  condition.  By  applying 
this  correction  and  by  subtracting  the  load  dial  reading 
from  the  deflection  dial  reading,  the  true  vertical  deflec- 
tion of  the  test  specimen  was  determined. 

The  following  portion  of  the  reduction  of  the  laboratory 
test  data  will  be  discussed  separately  for  the  open-graded 
and  the  one-size  test  specimens  as  the  procedures  differed 
for  these  two  bituminous-aggregate  mixtures. 
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DATA  SHEET 
Tri axial  Test  -  Bituminous  Mixtures 


Sample  Ho.       S-ZS-B 


Initial 

Ht           4.00  in- 

'.'.'eight 

/42Q  0  qm 

Initial 

Dia        4- OO  in. 

Unit    ..t 

/08.Z   /b/cu/t 

Date   Tested  k/zv/sg      By  J-Q4 M-S. 

Rate   of   Load    Q.Q5  '"'/tn'm    

Temperature 78_F 

Confining  Pressure  9Qpsi 
Proving  Ring  No*  /QjOOO 


Lo  ad 

Dial 

Strain 
Dial 

Load 

Corr. 
Strain 

,0 

Strain 

Corr. 

Area 

Dev. 
Stress 

Total 
Stress 

O 

0 

0 

0 

0 

/2.S7 

0 

1  0 

z  a 

/  5  O 

4 

0.1  0 

/  2. 57 

/2 

/OZ 

zo 

34 

250 

9 

022 

/  2  57 

ZO 

/  1  0 

4-0 

46 

350 

1  9 

0.48 

/  2. (SO 

28 

1  18 

GO 

64 

05O 

35 

0.&8 

/?.S6 

75 

I  65 

7  3 

80 

/ZOO 

GO 

/.so 

/2-73 

34 

/<54 

85 

/  OO 

69 

/.72 

/  2.76 

S4 

/  20 

/  7  5  O 

68 

2  ZO 

IZ.&O 

/  37 

ZZ7 

/  O  / 

/  4-0 

/  OG 

2.(35 

12.85 

/  O  7 

/  eo 

/  9  50 

/  26 

3-15 

I2.90 

J  5  1 

Z4\ 

1  1  3 

/  &o 

/  4-  6 

3.65 

IZ.95 

/  2  O 

zoo 

2ZOO 

1  &5 

4.12 

/  3.0  I 

J  69 

Z59 

/  2  5 

zz  0 

/  8  5 

462 

I307 

I  3  O 

24  0 

/  34 

Z&O 

Z  47  5 

2  2  4 

S.GO 

/3.IQ 

/  88 

2  78 

137 

23  O 

r  4-  1 

300 

2b  OO 

2G3 

G-58 

/3.Z9 

I9G 

236 

I  4  9 

3  S  O 

15  9 

4  0  0 

3000 

36  / 

9.QZ 

Z3-59 

22  / 

3  1  1 

/    7  J 

a  so 

1  a  z 

5  00 

3  4  50 

4  59 

1 1.48 

/  3-9/ 

248 

338 

/  9  1 

55  0 

20  1 

e  0  0 

3850 

55  7 

/3.9Z 

/  4.Z3 

2  7  1 

3€>/ 

a  1  0 

€5  0 

2.  1  9 

700 

4  250 

lo  5  5 

/  G.38 

1  4.56, 

29  Z 

3&Z 

ZZ  9 

7  5  O 

2  33 

800 

4  6  .50 

7  5  3 

/8-8Z 

14.9  3 

3  1   1 

40I 

24-  3 

850 

2  5  1 

900 

49QO 

8  5  2 

21 .30 

1533 

3  2  O 

4  IO 
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In  the  triaxial  stability  analysis  of  the  open-graded 
test  specimens,  the  volume  of  the  specimen  was  assumed  to 
remain  constant  as  there  was  no  measurable  evidence  of  any 
change  in  the  volume  during  the  triaxial  test.  Upon  this 
assumption,  the  expression  for  the  corrected  cross-sectional 
area  of  the  specimen  experiencing  no  volume  change  is  derived 
in  Appendix  A.   Since  this  corrected  area  was  a  function  of 
the  initial  specimen  height,  the  average  heights  of  the 
rational  and  the  irrational  test  specimens  were  calculated. 
For  these  average  values  the  curves  in  Fig.  32  and  Fig.  33 
were  plotted  to  show  the  corrected  cross-sectional  area  of 
the  specimen  as  a  function  of  the  change  in  the  specimen 
height. 

Luring  the  triaxial  compression  tests  on  the  one-size 
laboratory  compacted  specimens,  the  volume  of  the  specimen 
was  reduced  a  measurable  amount,  thus  increasing  the  density 
of  the  specimen  as  the  test  progressed.   The  expression  for 
the  corrected  cross-sectional  area  of  the  specimen  experi- 
encing a  volume  reduction  is  derived  in  Appendix  B  upon  the 
assumption  that  the  reduction  in  volume  is  directly  propor- 
tional to  the  change  in  the  specimen  height.   Like  the  open- 
graded  specimens,  the  average  heights  of  the  various  group- 
ings of  the  test  specimens  were  computed  since  the  corrected 
area  was  dependent  upon  the  initial  specimen  height.   By 
dividing  the  total  change  in  the  specimen  volume  in  cubic 
inches  by  the  total  change  in  the  specimen  height  in  inches, 
the  constant  ,!C"  in  square  inches  was  evaluated  for  each 
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test  specimen.   As  this  relative  measure  of  the  degree  of 
volume  change  varied  over  a  limited  range  for  the  individ- 
ual speciaens  of  a  given  grouping,  a  parameter  of  curves 
depending  on  different  "C"  values  was  plotted  for  each 
of  the  average  initial -specimen-height  groups.   These  curves 
give  the  corrected  cross-sectional  area  of  the  specimen  as 
a  function  of  the  change  in  the  specimen  height,  and  are 
presented  in  Pig.  3^4-  to  Fig.  39« 

The  remaining  portion  of  the  data  reduction  is  similar 
for  the  test  specimens  having  either  the  open-graded  aggre- 
gate or  the  one-size  aggregate.   Having  determined  the 
corrected  cros3-sectional  area,  the  corresponding  load  in 
pounds  was  divided  by  this  area  in  square  inches  in  order 
to  calculate  the  deviator  stress  in  pounds  per  square  inch. 
The  total  normal  stress  in  pounds  per  square  inch  was  com- 
puted by  adding  the  confining  pressure  in  pounds  per  square 
inch  to  the  deviator  stress.   The  strain  for  each  reading 
was  found  by  dividing  the  true  vertical  deflection  by  the 
initial  height  of  the  specimen.   A  stress-strain  diagram  was 
prepared  for  each  triaxial  test;  an  example  of  this  diagram 
is  shown  in  Pig.  l6.   Obtained  from  the  stress-strain  curves, 
the  total  normal  stresses  for  various  percent  strains  and 
the  peak  condition  (if  it  existed)  were  tabulated  as  the 
results  under  the  various  test-variable  groupings. 
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RESULTS 

In  this  laboratory  investigation,  triaxial  stability 
values  were  determined  for  compacted  bituminous  mixtures  by 
the  open-system  triaxial  compression  test  using  confining 
pressures  up  to  lpO  psi.   The  variable  conditions  introduced 
were  aggregate  gradation,  confining  pressure,  specimen  height, 
degree  of  compaction,  type  of  aggregate,  and  asphalt  content. 
The  results  of  the  triaxial  compression  tests  performed  on 
the  bituminous- aggregate  mixtures  for  the  various  testing 
variables  are  presented  in  Appendix  C,  Tables  6  to  lp» 

In  addition,  Stabilometer  stability  values  were  obtained 
for  the  variable  conditions  of  aggregate  gradation,  type  of 
regate,  and  asphalt  content.   These  three  variables  were 
identical  for  the  triaxial  and  the  Stabilometer  tests.   This 
control  permitted  the  results  from  the  two  testing  procedures 
to  be  compared  directly.   The  results  of  the  Stabilometer 
tests  are  given  in  Appendix  D,  Tables  l6  to  19« 

The  two  aggregate  gradations,  open-graded  and  one-size, 
the  type  of  test,  and  the  variables  studied  for  each  test 
are  outlined  as  follows: 

I.  Open-graded. 

A.  Triaxial  compression  test. 
1.  Crushed  limestone. 

a.  Confining  pressure. 

b.  Specimen  height. 

(1)  Rational. 
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(2)  Irrational. 
c.  Asphalt  content. 
2.  Unc rushed  gravel  and  natural  sand. 
a.  Confining  pressure, 
h.  Asphalt  content. 
B.  Stabiloi leter  test. 

1.  Cashed  limestone  -  asphalt  content. 

2.  Uncrushed  gravel  and  natural  sand  -  asphalt 
content. 

II.  One-Size. 

A.  Triaxial  compression  test. 

1 .  Crushe d  1  ime s tone . 

a.  Confining  pressure. 

b.  Degree  of  compaction* 

(1)  Double -plunger  method. 

(2)  Double -plunger  with  vibration 
method. ■ 

c.  Specimen  height. 

(1)  Rational. 

(2)  Irrational. 

d.  Asphalt  content. 

2.  Uncrushed  gravel  and  natural  sand. 

a.  Confining  pressure. 

b.  Asphalt  content. 

B.  Stabilometer  test. 

1.  Crushed  limestone  -  asphalt  content. 

2.  Uncrushed  gravel  and  natural  sand  -  asphalt 
content. 
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The  results,  presented  in  both  tabular  and  graphical 
forms,  and  their  significance  are  discussed  in  the  remaining 
portion  of  this  section  according  to  the  above  outline. 

The  selection  of  the  two  main  divisions,  open-graded 
mixture  and  one-size  mixture,  for  this  research  report  was 
predicated  on  the  findings  that  the  stress-strain  curves 
representing  these  two  bituminous  mixtures  were  considerably 
different.   As  shown  in  Fig.  16,  the  stress-strain  diagrams 
for  the  open-graded  mixture  reached  a  peak  normal  stress 
value  at  a  relatively  low  strain  value,  while  the  normal 
stress  continued  to  increase  at  a  decreasing  rate  with  an 
increase  in  the  strain  value  for  the  one-size  mixture. 

Open-Graded  fixture 

- 

Rational  Tri axial  Te s t .   The  shearing  resistance  of  the 
open-graded  paving  mixture  is  illustrated  in  Fig.  17  where 
the  confining  pressure  versus  the  peal:  normal  stress  was 
plotted  from  stress  values  ascertained  from  rational  triaxial 
tests  with  confining  pressures  ranging  from  0  to  lf>0  psi,  at 
30  psi  intervals.   Crushed  limestone  was  used  in  this  mixture 
at  an  asphalt  content  of  5.0  percent  by  weight  of  the  total 
mixture.   This  bituminous-aggregate  mixture  possessed  appre- 
ciable triaxial  stability,  390  psi,  at  the  lov/  confining 
pressure  of  30  psi.   The  shearing  strength  increased  linearly 
with  confining  pressure  until  a  value  in  excess  of  700  psi 
was  reached  at  the  1^0-psi  level.   Since  this  linear 


62 


(/) 
00 

UJ 

or 
I- 
oo 

-J 
< 

cr 
o 

z 

< 

UJ 
Q. 

CO 

> 

UJ 

cr 

CO 
00 
Ul 

cr 

Ql 


o 
o 


in 

Q. 
■ 

CO 
UJ 

<r 

i- 


< 

cr 
o 


< 

UJ 
0- 


(3 
U. 


ISd-3dnSS3dd   ONINIdNOO 


63 

relationship  between  confining  pressure  and  peal-:  normal 
stress  is  ana.logous  to  a  straight-line  Mohr  rupture  envelope 
(1),  the  shearing  strength  of  this  bituminous  mixture  may  be 
ascertained  by  the  Coulomb  equation  and  represented  by  the 
constant  fundamental  strength  properties,  (c)  cohesion  and 
[<p)    anrrle  of  internal  friction.   However,  the  peak  normal 
stress  at  0  psi  confining  pressure  did  not  agree  with  the 
linear  relationship,  thus  indicating  that  the  Mohr  rupture 
envelope  is  curvilinear  in  the  range  of  very  low  confining 
pressures  (less  than  30  psi) .   This  condition  has  been  val- 
idated by  previous  rational  triaxial  test  investigations  in 
both  the  soil  mechanics  and  the  bituminous-mixture  areas. 

specimen  Height  (Irrational  Triaxial  Test) .   The  results 
obtained  in  evaluating  the  effects  of  specimen  height  on  the 
triaxial  stability  of  bituminous  paving  mixtures  tested  at 
hi~h  confining  pressures  are  also  presented  in  Pig.  17 •   The 
relationship  between  the  plotted  stress  values  was  best 
represonted  by  a  straight  line.   These  irrational  triaxial 
tests  were  performed  on  compacted  bituminous  specimens  having 
the  same  type  of  aggregate  and  the  same  asphalt  content  as 
the  specimens  used  in  the  previously  discussed  rational 
triaxial  test,  except  that  if- in.  high  specimens  were  used 
(height  to  diameter  ratio  was  less  than  two).   For  corre- 
sponding confining  pressures,  the  peak  normal  stresses 
obtained  in  the  irrational  triaxial  tests  were  greater  than 
those  stresses  determined  in  the  rational  triaxial  testing. 
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This  resvilt  was  produced  by  the  additional  lateral  support 
afforded  the  irrational  test  specimen  by  the  shearing  stresses 
developed  between  the  ends  of  the  specimen  and  the  upper  and 
the  lower  loading  plates.   This  reasoning  also  explains  the 
close  position  of  the  peak  normal  stress  for  the  0  psi  con- 
fining pressure  to  the  extension  of  the  straight  line  repre- 
senting the  irrational  triaxial  tests  in  Fin*  17 • 

For  both  the  rational  and  the  irrational  triaxial  tests 
of  the  open-graded  mixtures,  the  peak  normal  stresses  were 
reached  at  strain  values  of  five  percent  or  less.   The  strains 
at  which  the  peal:  stability  values  occurred  centered  around 
one  percent  for  the  30  psi  confining  pressure,  and  they 
gradually  increased  with  an  increase  in  the  confining  pressure 
to  the  lpO-psi  level  where  the  strain  values  were  near  five 
percent  (see  Fig.  l6) . 

Although  the  two  series  of  test  values  plotted  in  Fig. 
17  appear  to  be  characterised  by  a  linear  relationship,  the 
slopes  of  these  two  straight  lines  are  different.  This  in- 
dicates that  the  rational  and  the  irrational  triaxial  tests 
do  not  produce  equal  measures  of  the  fundamental  strength 
properties,  cohesion  and  angle  of  internal  friction,  of  this 
open-graded  mixture. 

Type  of  Aggregate.   To  evaluate  the  variable  of  aggre- 
gate type  for  rational  triaxial  testing  at  high  confining 
pressures,  10-in.  high  specimens  of  the  open-graded  mixture 
were  formed  from  uncrushed  gravel  and  natural  sand  at  asphalt 
contents  of  li.O  and  5«0  percent  by  weight  of  the  total  mixture, 
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A  comparison  of  the  triaxial  strengths  of  these  specimens 
with  those  values  obtained  from  crushed  limestone  specimens 
having  identical  asphalt  contents  is  presented  in  Fig.  18 
for  the  confining  pressures  of  30,  90*  and  lpO  psi.   The 
greater  shearing  strength  exhibited  by  the  crushed  limestone 
mixture  for  the  range  of  confining  pressures  was  attributed 
to  the  larger  degree  of  interlocking  among  these  angular 
aggregate  particles  as  compared  to  the  uncrushed  material. 

Asphalt  Content.   The  effects  of  high  confining  pressures 
on  the  triaxial  stability  were  determined  for  the  open- 
graded  mixture  at  asphalt  contents  of  !|..0,  5>.0,  and  6.0 
percent  by  weight  of  the  total  mixture.   The  results  of  the 
rational  triaxial  tests  for  the  low  and  high  confining 
pressures  of  30  and  l£0  psi,  respectively,  are  shown  in 
Pig.  19  for  the  crushed  limestone  specimens.   The  analogous 
case  for  the  uncrushed  gravel  and  natural  sand  specimens  is 
presented  in  Pig.  20.   For  both  types  of  aggregate,  it  is 
readily  apparent  from  these  two  figures  that  confining 
pressure  value  has  little  or  no  effect  on  the  determination 
of  the  asphalt  content  producing  maximum  stability  in  the 
triaxial  compression  test.   The  asphalt  content  producing 
maximum  triaxial  stability  appeared  to  be  near  £.0  percent 
by  weight  of  the  total  mixture  for  both  the  crushed  limestone 
and  the  uncrushed  gravel  and  natural  sand  mixtures,  whether 
evaluated  at  30  or  l£0  psi  confining  pressure. 

otabilomotcr  Test.   The  Stabilometcr  test  investigation 
of  the  open-graded  mixture  made  from  the  two  aggregate  types 
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NORMAL  STRESS  VS.  ASPHALT  CONTENT 
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NORMAL  STRESS  VS.  ASPHALT  CONTENT 
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for  the  sane  range  of  asphalt  content  as  used  for  the  triaxial 
testing  revealed  analogies  similar  to  those  deduced  in  the 
rational  triaxial  test.   The  Stabilometer  results  indicated 
that  the  stability  of  the  crushed  limestone  mixture  was 
greater  than  that  of  the  uncrushed  gravel  and  natural  sand 
mixture,  and  that  the  optimum  asphalt  content  was  near  5»0 
percent  by  weight  of  the  total  mixture  for  both  types  of 
aggregate.   These  results  are  illustrated  in  Pig.  21. 

One-Size  Mixture 

National  Triaxial  Test.   The  other  aggregate  gradation 
investigated  in  this  study  of  triaxial  compression  testing 
at  high  confining  pressures  was  the  one-size  mixture.   This 
paving  mixture  has  performed  more  satisfactorily  under  the 
detrimental  actions  of  traffic  than  that  predicted  performance 
indicated  by  laboratory  appraisals  for  this  bituminous- 
aggregate  combination.   The  development  of  the  shearing 
strength  of  this  one-size  mixture  is  illustrated  in  Pig.  22 
where  the  confining  pressure  versus  the  normal  stress  at 
various  percent  strain  was  plotted.   These  stress  values 
were  determined  by  rational  triaxial  tests  with  confining 
pressures  ranging  from  0  to  1^0  psi,  at  30  psi  intervals,  on 
compacted  crushed-limestone  specimens  having  an  asphalt 
content  of  5*0  percent  by  weight  of  the  total  mixture.  As 
evidenced  by  the  typical  stress-strain  curves  for  this  one- 
size  mixture  at  various  confining  pressures  (see  Pig.  l6) , 
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STABILOMETER   STABILITY  VS.  ASPHALT   CONTENT 
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the  normal  stresses  Increased  at  a  decreasing  rate  with  an 
Increase  in  the  amount  of  strain  applied  to  the  test  specimen. 
However,  this  decreasing  rate  was  found  to  vary  inversely 
with  the  confining  pressure.   This  is  illustrated  by  comparing 
the  normal  stresses  at  1.0  and  l£,0  percent  strain  in  Pig,  22 
for  the  two  confining  pressures  of  30  and  1>0  psi.   Thus,  at 
the  30-psi  level  shearing  strengths  of  approximately  100  and 
l60  psi  were  developed  at  1.0  and  lf?.0  percent  strain,  re- 
spectively; while  the  corresponding  stability  values  at  a 
confining  pressure  of  150  psi  were  300  and  $br0   psi.   The 
absence  of  any  peak  normal  stress  for  positive  confining 
pressures  provoked  the  analyses  of  the  triaxial  strength  data 
at  1.0,   .  ,  10.0,  and  15»0  percent  strain.   The  physical 
limitations  of  the  triaxial  test  apparatus  and  the  difficulty 
of  forming  completely  homogeneous  test  specimens  of  the  one- 
size  mixture  prevented  the  determination  of  normal  stress  at 
greater  strain  values.   The  value  of  15>»0  percent  strain  may 
also  be  considered  the  maximum  practical  deformation  limit 
for  flexible  pavement  design  applications. 

The  relationship  between  the  confining  pressure  and 
normal  stress  at  1.0,  5»0,  10.0,  and  15.0  percent  strain  for 
the  one-size  mixture  (see  Fig.  22)  is  considerably  different 
than  that  presented  for  the  open-graded  mixture  (see  Fig.  17) • 
The  normal  stresses  at  1.0  percent  strain  increase  at  a  de- 
creasing rate  with  an  increase  in  the  confining  pressure.   At 
the  5«0  percent  strain  value,  the  graph  of  these  two  stress 
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values  is  best  represented  by  a  straight  line.   The  normal 
stresses  at  the  larger  strains,  10.0  and  15.0  percent,  follow 
a  curvilinear  pattern  in  which  the  normal  stresses  increase 
at  an  increasing  rate  for  an  increase  in  the  confining 
pressure.   The  variable  nature  of  these  stress  diagrams  in- 
dicates that  the  cohesion  and  the  angle  of  internal  friction 
were  not  constants  in  this  one-size  mixture  when  the  stability 
was  ascertained  by  the  rational  triaxial  compression  test. 
The  angle  of  internal  friction  and/or  the  cohesion  varied 
throughout  the  range  of  confining  pressures  and  the  range  of 
strains.   Thus,  the  Coulomb  equation  and  fixed  values  of 
cohesion  and  angle  of  internal  friction  cannot  truly  repre- 
sent the  triaxial  stability  of  this  one-size  mixture.   Since 
the  triaxial  compression  test  on  the  one-size  limestone  mix- 
ture produced  a  peak  normal  stress  near  1.0  percent  strain 
for  the  0  psi  confining  pressure  condition,  the  other  three 
seta  of  curves  must  show  a  reversal  in  slope  in  the  range  of 
low  confining  pressures  and  approach  zero  at  0  psi  confining 
pressure. 

Density  Determination.   During  all  the  triaxial  com- 
pression tests  (except  at  0  psi  confining  pressure)  of  the 
one-size  mixture,  a  measurable  reduction  in  the  volume  of  the 
specimen  occurred.   To  properly  evaluate  the  triaxial  test 
data,  this  rearrangement  of  the  aggregate  particles  and  the 
reduction  in  the  volume  were  considered  for  the  one-size 
specimens  by  determining  their  bulk  densities  both  before  and 
after  the  triaxial  compression  test. 
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The  bulk  density  of  a  compacted-bituminous-mixture  spec- 
imen is  detemined  by  computing  the  ratio  of  its  weight  in 
air  to  its  bulk  volume.   The  Asphalt  Institute  (V7)  has  sum- 
marised the  determination  of  the  bulk  volume  of  the  specimen 
by  one  of  the  following  procedures: 

1.  The  bulk  volume  of  a  specimen  having  a  dense,  imper- 
meable surface  texture  is  determined  as  the  difference  between 
Its  weight  in  air  and  its  weight  in  v/ater. 

2.  The  bulk  volume  of  a  specimen  having  an  open,  perme- 
able surface  texture  is  determined  as  the  difference  between 
its  weight  in  air  and  its  weight  in  water  when  coated  with 
paraffin. 

3.  The  bulk  volume  of  a  specimen  having  a  dense,  smooth 
surface  texture  and  formed  to  dimensions  that  can  be  accu- 
rately measured  is  computed  from  the  diameter  and  the  height 
measurements  of  the  specimen. 

The  last  procedure  was  valid  for  the  determination  of 
the  bulk  density  of  the  open-graded  specimens.   However,  none 
of  the  three  available  methods  were  applicable  to  evaluate 
the  changes  in  volume  and  density  that  the  one -size  specimens 
experienced  when  they  were  subjected  to  a  triaxial  compression 
test.   As  the  compacted  bituminous-aggregate  specimen  was 
changed  from  a  uniform  cylindrical  shape  to  a  very  distorted 
shape  as  a  result  of  the  triaxial  test,  the  method  utilising 
the  measured  dimensions  was  of  no  practical  value.   The  very 
porous  texture  of  the  one-size  mixture  necessitated  that  the 
specimen  be  conted  in  some  manner,  thus  eliminating  the  first 
procedure. 


1$ 

The  method,  of  coating  the  compacted  specimen  with 
paraffin  was  attempted,  but  this  prQved  unsatisfactory  as 
the  melted  paraffin  flowed  into  the  void  space.   This 
condition  produced  erroneous  results  as  the  density  values 
were  increased  because  the  voids  were  decreased.   Therefore, 
it  was  mandatory  that  a  new  method  of  density  determination 
be  developed.   This  procedure  entailed  the  wrapping  of  the 
specimens  in  a  carefully-cut  thin  sheet  of  polyethylene 
plastic  and  then  sealing  the  seam  and  the  ends  of  the  spec- 
imen with  paraffin.   A  detailed  description  of  this  method 
is  presented  under  the  heading,  'ensity  DeteiTiinations,  in 
the  section,  Apparatus  and  :roced\ire. 

Design  Criterion.   It  logically  may  be  reasoned  that  the 
one-size  mixture  develops  increasing  shearing  strength  with 
increases  in  the  confining  pressure  and  with  increases  in 
the  degree  of  specimen  deformation.   In  order  to  establish 
a  logical  failure  criterion  for  this  paving  mixture,  the  rate 
at  which  the  shearing  resistance  was  mobilized  was  investi- 
gated.  This  shearing  stress  development  is  pictured  in  Pig. 
23.   The  curve  for  each  confining  pressure  appears  to  asymp- 
totically approach  a  maximum  normal  stress.   Since  the  normal 
stresses  at  1^.0  percent  strain  are  reasonably  close  in  each 
case  to  these  maximum  values,  it  was  arbitrarily  assumed 
that  the  normal  stresses  at  lf?.0  percent  strain  represented 
the  condition  of  maximum  shearing  resistance.   The  ratios  of 
the  normal  stresses  at  1,0,  5«°,  and  10.0  percent  strain  to 
the  normal  stresses  at  15»0  percent  strain  for  the  range  of 
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confining  pressures  investigated  were  calculated  and  tabu- 
lated in  Table  5>.   The  graphical  form  of  these  data  is  pre- 
sented in  Pig.  2l|,  where  it  may  be  deduced  that  at  least 
92  percent  of  the  shearing  strength  was  mobilized  when  the 
bituminous-aggregate  mixture  had  experienced  a  strain  or 
deformation  of  10.0  percent.   For  the  purposes  of  this  lab- 
oratory investigation,  the  values  of  normal  stress  developed 
by  the  one-size  mixture  at  10.0  percent  strain  were  considered 
as  the  practical  values  of  shearing  resistance  for  this 
paving  mixture.   This  hypothesis  was  a  logical  compromise 
between  the  two  important  considerations,  strength  and  defor- 
mation, for  plastic  materials. 

Degree  of  Compaction  and  Specimen  Height  (Irrational 
Tri axial  Test) .   The  effects  of  the  degree  of  compaction  on 
the  triaxial  stability  of  the  one-size  mixture  were  investi- 
gated for  crushed  limestone  specimens  having  an  asphalt 
content  of  5*0  percent  by  weight  of  the  total  mixture.   The 
normal  method  of  forming  specimens  was  by  the  double -plunger 
comoaction  procedure.   To  obtain  one-size  specimens  with 
density  values  greater  than  those  produced  by  the  regular 
double-plunger  compaction  method,  this  compaction  procedure 
was  modified  to  include  the  vibratory  compaction  of  the  spec- 
imen with  a  specially  designed  compaction  foot  attached  to 
a  pneumatic  vibrator.   The  double-plunger  method  and  the 
double-plunger  with  vibration  method  are  outlined  in  detail 
under  the  heading,  Preparation  of  the  Test  Specimen,  in  the 
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TABLE  5 


Ratio  of  Ilomal  Stress  at  1,0,  $»Q,    and  10,0  Percent  Strain 
to  Norr.ial  Stress  at  15.0  Percent  Strain 
for  Various  Confining  Pressure 


Crushed  Limestone 
Asphalt  Content  -  5*0.' 


One-Size  Mixture 
10-in.  High  Specimen 


Confining 

Pressure 

psi 

Ratio  of  Lornal  Stress 
to  Kormal  Stress  at  15. 

at  Various  Percent  Strain 
0  Percent  Strain 

1.0 

5.0 

10.0 

15.0 

30 

0.656 

0.905 

0.981 

1.000 

60 

0.675 

0.901). 

0.977 

1.000 

90 

0.686 

0.81^.8 

0.921 

1.000 

120 

0.579 

0.795 

0.93^ 

1.000 

150 

0.561]. 

0.785 

O.936 

1.000 
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STRESS    RATIO    VS.   CONFINING   PRESSURE 
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section,  Apparatus  and  Procedure.   This  vibrator  with  the 
compaction  foot  attached  is  pictured  in  Fig.  5»   The  results 
of  this  rational  triaxial  investigation  are  illustrated  in 
Fig.  25  where  the  confining  pressure  is  plotted  against  the 
normal  3tress  at  various  strain  values.   These  curves  of  the 
one-size  mixture  compacted  to  a  greater  density  are  analogous 
to  the  rational  triatrial  stability  values  obtained  for  the 
specimens  formed  at  a  lower  density  (see  Pig.  22).   Again 
the  pattern  of  these  curves  followed  the  same  sequence.   The 
normal  stresses  at  1.0  percent  strain  increased  at  a  de- 
creasing rate  (although  the  decreasing  rate  for  the  vibrated 
rational  specimens  was  less  than  that  for  the  non-vibrated 
test  specimens)  with  an  .increase  in  the  confining  pressure, 
while  the  normal  stress  values  at  £.0  percent  strain  showed 
a  linear  relationship  with  confining  pressure.   The  values 
of  normal  stress  at  10.0  and  1^.0  percent  strain  increased 
at  an  increasing  rate  as  higher  confining  pressures  were 
applied  to  the  rational  triaxial  specimens. 

One  apparent  discrepancy  was  evident  when  a  comparison 
of  the  non- vibrated  specimen  data  (Fig.  22)  was  made  with  the 
vibrated  specimen  results  (Fig.  25).   The  normal  stresses  at 
30  and  60  psi  confining  pressures  were  higher  for  the  non- 
vibrated  specimens  (lower  densities)  than  for  the  vibrated 
specimens  (higher  densities),  while  the  reverse  was  apparent 
for  the  shearing  stresses  at  the  90>  120,  and  150  psi  con- 
fining pressures.   The  probable  explanation  for  this  heterodox 
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condition  is  tho  interrelated  and  complicated  interaction 
between  confining  stresses,  rearrangement  of  the  aggregate 
particles,  and  reduction  in  the  volume  of  the  triaxial  test 
specimen  during  test. 

The  effects  of  specimen  height  on  the  triaxial  strength 
of  bituminous-aggregate  mixtures  tested  at  high  confining 
pressures  were  investigated  for  both  non-vibrated  and  vi- 
brated specimens  of  this  one-size  mixture.   The  irrational 
triaxial  test  results  for  If-ln.  high  specimens  are  presented 
graphically  in  Fig.  26  for  the  double -plunger  compaction 
method  and  in  Pig.  2?  for  the  double-plunger  with  vibration 
compaction  procedure.   The  asphalt  content  was  again  main- 
tained at  5>»0  percent  by  weight  of  the  total  mixture.   The 
pattern  of  curves  representing  the  relationship  between  the 
confining  pressure  and  the  normal  stress  for  the  various 
strains  is  similar  in  each  case  to  those  representing  the 
stability  properties  of  the  rational  triaxial  specimens* 
However,  the  irrational  triaxial  test  data  at  1.0  percent 
strain  was  best  represented  by  a  straight  line  for  both  de- 
grees of  compaction.   At  the  three  higher  strain  values  of 
5»0,  10.0,  and  13>»0  percent,  the  stress  curves  in  both  figures 
show  that  normal  stress  increased  at  an  increasing  rate  as 
the  higher  confining  pressure  was  reached, 

A  comparison  of  the  rational  test  results  as  shown  in 
Pig.  22  to  the  irrational  test  data  in  Pig.  26  for  the  non- 
vibrated  specimens  indicated  that  the  normal  stresses  at  30 
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and  60  psi  confining  pressure  were  higher  for  the  rational 
specimens  (10-in.  high)  than  for  the  irrational  specimens 
(I|.-in.  high)  ,  while  the  reverse  v/as  true  for  the  higher  con- 
fining pressures  of  90>  120,  and  1^0  psi.   This  phenomenon 
was  previously  noted  in  the  study  of  the  non- vibrated  and 
vibrated  specimens  having  a  height  of  10  in. 

An  appraisal  of  the  data  for  the  irrational  test  spec- 
imens for  the  two  degrees  of  compaction  evidenced  an  increase 
in  shearing  strength  for  the  more  dense  specimens  (vibrated) 
as  presented  in  Pig.  27  over  the  less  dense  specimens  (non- 
vibrated)  as  illustrated  in  Pig.  26  at  all  but  the  1.0  per- 
cent strain  value.   The  same  pattern  v/as  evident  when  the 
rational  (Pig.  25)  and  irrational  (Pig.  27)  test  results  for 
the  vibrated  specimens  were  computed.   The  increase  in  the 
lateral  support  of  the  I(.-in.  high  specimens  due  to  the  shearing 
stresses  developed  between  the  ends  of  the  specimen  and  the 
loading  plates  produced  higher  strength  values  in  the  irra- 
tional triaxial  test  at  the  5*0,  10.0,  and  15»0  percent  strain. 
However,  the  vibrated  rational  specimens  possessed  greater 
triaxial  stability  at  a  strain  of  1.0  percent. 

These  discrepancies  cannot  be  fully  appraised  as  the 
stress  properties  of  this  one-size  mixture  are  greatly 
influenced  by  the  complicated  interaction  of  lateral 
support,  rearrangement  of  the  aggregate  particles,  and 
reduction  in  the  volume  of  the  triaxial  specimen  during 
test.   The  curvilinear  pattern  of  these  relationships  between 
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the  confining  pressure  and  the  normal  stress  at  various 
strains  prevents  the  analysis  of  the  stability  properties  in 
terns  of  such  constant  values  as  the  cohesion  and  the  angle 
of  internal  friction.   Only  the  shearing  stress  of  this  mix- 
ture for  any  given  condition  of  confining  pressure  and  strain 
is  a  true  representation  of  its  strength. 

Type  of  Aggregate .   In  evaluating  the  variable  of  ag- 
gregate type  for  rational  triaxial  testing  at  high  confining 
pressures,  10-in.  high  specimens  were  formed  from  uncrushed 
gravel  and  natural  sand  at  asphalt  contents  of  k.O  and  £.0 
percent  by  weight  of  the  total  mixture.   A  comparison  of  the 
triaxial  strengths  at  10.0  percent  strain  of  these  specimens 
v/ith  the  corresponding  values  obtained  from  crushed  limestone 
specimens  having  identical  grading  and  asphalt  contents  is 
presented  in  Pig.  23  for  30,  9°»  a^d  15>0  psi  confining  pres- 
sures.  As  developed  earlier  in  this  section,  the  failure 
criterion  for  the  one- size  mixture  was  established  as  a 
strain  of  10.0  percent.   The  crushed  limestone  produced  the 
greater  shearing  strengths  for  the  two  one-size  mixtures 
throughout  the  range  of  confining  pressures.   This  was  attri- 
buted to  the  larger  degree  of  interlocking  among  these 
angular  aggregate  particles  than  occurred  v/ith  the  uncrushed 
gravel  and  natural  sand. 

Asphalt  Content.   The  effects  of  high  confining  pressure 
on  the  triaxial  stability  were  determined  for  the  one-size 
mixture  having  asphalt  contents  of  3*0 »  lj.0,  and  5*0  percent 
by  weight  of  the  total  mixture.   The  results  of  the  rational 
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triaxial  tests  for  the  low  and  high  confining  pressures  of 
30  and  1>0  psi,  respectively,  are  presented  in  Pig.  29  for 
the  crushed  lines tone  specimens*   The  similar  case  for  the 
uncrushed  gravel  and  natural  sand  specimens  is  shown  in  Fig. 
30.   Por  the  failure  criterion  of  10.0  percent  strain,  these 
figures  exhibit  the  common  premise  that  the  confining  pressure 
has  little  or  no  effect  on  the  determination  of  asphalt 
content  for  maximum  strength  for  both  types  of  aggregate. 
The  maximum  triaxial  stability  v/as  reached  for  an  asphalt 
content  near  %,0   percent  by  weight  of  the  total  mixture  for 
both,  the  crushed  limestone  and  the  uncrushed  gravel  and 
natural  sand  mixtures  of  the  one-size  grading, 

Stabilometer  Test*   In  the  Stabilometer  test  analysis 
of  the  strength  properties  of  the  one-size  mixture  made  from 
these  two  aggregate  types  and  for  the  same  range  of  asphalt 
content  as  for  the  triaxial  tests,  a  trend  that  was  opposite 
to  the  rational  triaxial  results  v/as  indicated.   This  is 
shown  in  Pig.  31.   Although  the  Stabilometer  stability  values 
are  exceedingly  low,  the  results  further  substantiate  the 
greater  strength  that  the  crushed  limestone  mixture  has  in 
comparison  to  the  uncrushed  gravel  and  natural  sand.   However, 
the  curves  in  Pig.  31  illustrate  that  the  asphalt  content 
giving  maximum  strength  v/as  near  3«0  percent  by  weight  of  the 
total  mixture  for  both  types  of  aggregate.   The  probable 
explanation  for  the  low  stability  values  and  the  low  optimum 
asphalt  content  shown  by  the  Stabilometer  results  lies  in  the 
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fact  that  the  Stabilometer  test  does  not  orovide  for  suffi- 
cient specimen  deformation  to  mobilize  a  substantial  portion 
of  the  potential  shearing  resistance  of  the  bituminous- 
aggregate  mass. 
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SUMMARY  0?  RESULTS  A1ID  CONCLUSIONS 

The  following  conclusions  are  drawn  from  the  results  of 
this  laboratory  investigation.  However,  these  are  to  be 
considered  valid  only  for  the  bituminous-aggregate  mixtures 
of  the  same  materials  and  gradings  and  the  designated  testing 
methods  that  were  utilized  in  this  study.   Although  field 
performance  data  are  available  for  the  mixture  types  used 
in  this  study,  these  conclusions  have  not  been  substantiated 
by  field  studies  of  the  specific  paving  mixtures  utilized, 
and  their  practical  significance  is  limited  in  this  respect. 

1.  The  stress-strain  curves  representing  the  open- 
graded  mixture  were  considerably  difx'erent  from  those  for 
the  one-size  mixture.  ■  The  stress-strain  diagrams  for  the 
open-graded  mixture  reached  a  peak  normal  stress  value  at  a 
relatively  low  strain,  while  the  normal  stress  continued  to 
increase  at  a  decreasing  rate  with  an  increase  in  the  strain 
value  for  the  one-size  mixture. 

?.«  When  the  open-graded  mixture  was  evaluated  by  the 
rational  triaxial  test  at  high  confining  pressures,  the 
shearing  strength  developed  was  accurately  predicted  by  the 
Coulomb  equation  and  represented  by  the  constant  parameters, 
cohesion  and  angle  of  internal  friction. 

3.   The  irrational  triaxial  tests  on  this  open-graded 
mixture  produced  a  linear  I'ohr  rupture  envelope  for  the  range 
of  confining  pressures  investigated.   However,  the  shearing 
strength  values  were  higher  than  those  obtained  by  the 
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rational  procedures  because  additional  lateral  support  was 
afforded  the  short  test  specimens  by  the  shearing  stresses 
developed  between  the  ends  of  the  compacted  specimen  and  the 
loading  plates.   Also,  the  slopes  of  these  linear  stress 
relationships  of  the  rational  rind  the  irrational  triaxial 
tests  on  the  open-graded  mixture  were  not  the  sane,  thus 
indicating  that  different  values  of  cohesion  and  angle  of 
internal  friction  were  2^>i,oduced  by  these  two  testing 
procedures, 

l\.»   Low  values  of  shearing  stress  were  developed  by  the 
one-size  mixture  at  low  strain  values  and  low  confining 
pressures.   However,  when  the  specimen  defoliation  and/or 
the  confining  pressure  were  ir creased,  sufficient  shearing 
resistance  was  developed  to  indicate  more  realistic  stability 
values  for  this  paving  mixture.   Thus,  this  one-size  mixture 
may  be  evaluated  satisfactorily  in  the  laboratory  if  suffi- 
cient lateral  support  and  the  proper  degree  of  deformation 
are  provided  to  enable  this  bituminous-aggregate  mixture  to 
mobilize  a  significant  portion  of  its  shearing  resistance. 
For  the  range  of  confining  pressures  considered,  at  least 
'  percent  of  the  available  shearing  resistance  is  developed 
if  the  compacted  specimen  is  deformed  to  a  strain  of  10,0 
percent.   The  conventional  methods  of  triaxial  compression 
testing  as  applied  to  bituminous  mixtures  must  be  modified 
to  truly  ascertain  the  complex  stress-development  pattern 
of  this  paving  material. 
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$•    The  individual  measures  of  the  effects  of  specimen 
height  and  degree  of  compaction  on  the  triaxial  stability 
of  the  one-size  mixture  cannot  be  wholly  isolated  because 
of  the  interaction  of  lateral  support,  rearrangement  of  the 
aggregate  particles,  and  change  in  specimen  volume  during 

L*  fc?  o  U  • 

6.  The  triaxial  compression  tests  at  the  low,  inter- 
mediate, and  high  confining  pressures  showed  that  the  more 
angular  aggregate,  crushed  limestone,  produced  a  larger 
resistance  to  shear  than  the  more  rounded  aggregate,  un- 
crushed  gravel  and  natural  sand,  for  both  the  open-graded 
and  one-size  mixtures. 

7«  For  both  the  open-graded  and  one-size  paving  mixtures, 
the  asphalt  content  which  gave  maximum  stability  was  in- 
dependent of  the  confining  pressure  used  (30  -  15>0  psi)  • 

8,  The  correlation  of  the  rational  triaxial  test 
results  with  the  Stabilometer  test  results  for  the  open- 
graded  mixture  was  found  to  be  fairly  good  with  respect  to 
both  stability  and  optimum  asphalt  content  for  design. 
However,  the  results  of  these  two  testing  methods  showed 
poor  agreement  in  the  stability  analysis  and  the  selection 
of  an  optimum  asphalt  content  when  used  to  evaluate  the  one- 
size  mixture.   The  results  of  the  Stabilometer  test  were 
held  in  question  because  of  the  limited  specimen  deformation 
permitted  in  this  testing  procedure. 
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SUGGESTIONS  FOR  FURTHER  RESEARCH 

As  this  research  investigation  was  being  conducted,  it 
became  apparent  that  various  phases  in  the  area  of  bituminous- 
aggregate  mixtures  required  evaluation  by  laboratory  and 
field  studies.   As  any  one  laboratory  investigation  cannot 
wholly  cover  the  given  problem  and  its  related  components, 
the  following  itemized  suggestions  are  presented  as  possi- 
bilities for  further  research  to  augment  the  findings  ob- 
tained in  this  study: 

1.  Since  all  of  the  work  in  this  research  project  was 
on  bituminous  mixtures  composed  of  an  asphalt  cement  and 
either  a  crushed  lime stone  or  an  uncrushed  gravel  and  natural 
sand  aggregate,  it  would  be  desirable  to  evaluate  the  effects 
of  triaxial  testing  at  high  confining  pressures  on  bituminous- 
aggregate  mixtures  containing  other  types  and  gradations  of 
aggregates  and  different  types  of  bituminous  materials.   An 
investigation  of  the  triaxial  stability  of  "cold-mixes"  would 
extend  the  results  of  this  project. 

2.  An  accurate  and  relatively  simple  method  of  determining 
the  bulk  density  of  porous,  compacted  specimens  is  an  impor- 
tant procedure  that  should  be  developed  to  augment  bituminous 
mixture  research. 

3.  The  change  in  volume  that  the  one-size  specimens 
experienced  during  the  triaxial  compression  test  was  deter- 
mined by  comparing  the  volumes  of  the  specimen  measured  both 
before  and  after  the  test.   A  more  vivid  understanding  of 
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this  volume -change  and  aggregate-reorientation  phenomena 
could  possibly  be  obtained  by  measuring  the  volume  change  as 
the  triaxial  test  progressed.   This  study  is  suggested  as  a 
research  project. 

]+•  A  more  realistic  evaluation  by  the  triaxial  test 
method  could  be  approached  if  an  actual  measure  of  the  field 
lateral  support  provided  this  paving  material  was  obtained. 
Although  theoretical  attempts  have  been  proposed  to  measure 
these  confining  stresses,  no  field  test  information  has  been 
compiled  to  verify  these  empirical  calculations. 

£•  In  the  final  analysis,  the  performance  of  a  bituminous- 
aggregate  mixture  in  the  field  under  the  action  of  traffic 
and  weather  is  the  controlling  factor  in  any  design  of  a 
bituminous  mixture.   This  would  necessitate  the  establishment 
of  a  fiold  testing  program  to  correlate  the  in-service  find- 
ings with  the  laboratory  results. 

6,  The  development  of  a  bituminous-mixture  design  method 
utilizing  the  triaxial  test  (rational  and/or  irrational) 
would  prove  most  beneficial  to  the  paving  engineer.   This 
procedure  should  be  correlated  with  field  performance  to 
duplicate  such  important  in-service  factors  as  the  degree  of 
lateral  support  and  the  deformation  of  the  paving  mixture  due 
to  construction  and  traffic  compaction. 

7.  Although  many  testing  procedures  are  available  for 

the  evaluation  of  bituminous-aggregate  mixtures,  no  relationship 
has  been  established  between  the  type  of  mixture  and  the 
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test(s)  applicable  for  accurately  appraising  that  mixture. 
This  detailed  study  would  greatly  facilitate  the  design  of 
bituminous  mixtures  for  both  laboratory  and  field  operations. 
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APPENDIX     A 


DERIVATION    OF  RELATIONSHIP  BETWEEN  CHANGE 
IN  HEIGHT  AND   CROSS-SECTIONAL  AREA  FOR 
COMPRESSION   SPECIMENS  EXPERIENCING  NO  VOLUME  CHANGE 

I  Ah) 
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ASSUMPTION:     AT  ALL    TIMES   THE   TEST  SPECIMEN  IS  CYLINDRICAL 


WHERE:  Ax=  CORRECTED  CROSS-SECTIONAL  AREA 
Ahx=  CHANGE  IN  SPECIMEN  HEIGHT 
A0=  INITIAL   CROSS-SECTIONAL  AREA 
h0=  INITIAL    SPECIMEN  HEIGHT 
Vf=  FINAL   SPECIMEN  VOLUME 
V0=  INITIAL  SPECIMEN  VOLUME 
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RELATIONSHIP  BETWEEN   CHANGE  IN    HEIGHT  AND 

CROSS- SECTIONAL  AREA   FOR    COMPRESSION  SPECIMENS 
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RELATIONSHIP  BETWEEN    CHANGE   IN    HEIGHT  AND 

CROSS -SECTIONAL   AREA   FOR    COMPRESSION  SPECIMENS 
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APPENDIX     B 


DERIVATION    OF  RELATIONSHIP  BETWEEN  CHANGE 
IN  HEIGHT   AND   CROSS -SECTIONAL   AREA   FOR 

COMPRESSION    SPECIMENS  EXPERIENCING   VOLUME  REDUCTION 


ASSUMPTION^     AT  ALL  TIMES  THE  TEST  SPECIMEN  IS  CYLINDRICAL 


AV 


ASSUMPTION^  THE  CHANGE  IN  VOLUME  IS  PROPORTIONAL 
TO  THE  CHANGE  IN  HEIGHT 
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WHERE'  Ax=  CORRECTED  CROSS-SECTIONAL  AREA 
&hx=  CHANGE  IN  SPECIMEN  HEIGHT 
AQ=  INITIAL   CROSS-SECTIONAL  AREA 
h0=  INITIAL    SPECIMEN  HEIGHT 
Vf  =  FINAL  SPECIMEN  VOLUME 
VQ=  INITIAL   SPECIMEN  VOLUME 
AV  =  CHANGE   IN  SPECIMEN  VOLUME 
C  =  VOLUME  CHANGE  PER  CHANGE  IN  HEIGHT 


DERIVATION^     Vf  =  Ax(hQ-  Ahx) 


V  Aoho 

Vf  =  V0  -  AV       (VOLUME   REDUCTION) 

Ax(h0-Ahx)  =  A0h0-C^hx 

CAhx\ 
Ax=  [hn-  Ahy  A'        A0hJ 
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APPENDIX  C 

TRIAXIAL  TEST  DATA 

The   triaxial   compression  test   data  which  have  been 
obtained   in  this   laboratory  investigation  are  presented   in 
tabular  fora   in  this   appendix,    Tables   6  to   15»      The   asphalt 
content   is   expressed   as   the  percent   by  weight   of  the  total 
bituminous  mixture. 
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TABLE  6 

Triaxial  Test  Results  Open-Graded  Mixture 

Crushed  Limestone  10-in.  High  Specimen 

Asphalt  Content  -  $»0% 


Confining 

Pressure 
■osi 

Norma! 

Stress    - 

^:si 

Density 
lb/cu  ft 

1.0 ; 

Strain 

Strain 

Peal: 

0 





164 

lit-8.2 

0 





168 

1J4.6.3 

0    (avg) 





166 

lli7.5 

30 

387 



396 

lU-6.7 

30 

377 



381}. 

lij-6.7 

30   (avg) 

382 



390 

1^6.7 

60 

431 



kh$ 

lll-7.lt 

6o 

434 



ktt 

347.3 

60   (avg) 

24-33 



45o 

147.4 

90 

1+98 



535 

lll-7.7 

90 

k83 



533 

349.2 

90    (avg) 

14-91 



53k 

148.5 

120 

l|92 

586 

590 

146.7 

120 

512 

594 

594 

146.3 

120    (avg) 

502 

590 

592 

146.5 

150 

592 

73I4- 

739 

145.9 

150 

571 

719 

726 

145.2 

150    (avg) 

582 

727 

733 

145.6 
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TABLL  7 


Triaxial  Test  Results 
Crushed  Line stone 


Open-Graded  Mixture 
k-in«  High  Specimen 


Asphalt  Content  -  5«0> 


Confining 

Pressure 

psi 

ilormal 
Stress 
psi 

Density 
lb/cu  ft 

0 

286 

II4-8.I 

30 

¥k 

349.2 

6o 

IfiQ 

343.2 

90 

626 

342.9 

120 

765 

343.0 

150 

8L<0 

1 

142.8 

118 


TABLE  8 


Triaxial  Test  Results 
Crushed  Line stone 


Open-Graded  Mixture 
10-in,   High  Specimen 


Confining 

Pressure 

psi 

k»0%  Asphalt 

5.0  '  Asphalt 

6,0;o  Asphalt 

Normal 

Stress 
psi 

Density 
lb/cu  ft 

ITomal 
Stress 

psi 

Density 
lb/cu  ft 

Normal 

Stress 

psi 

Density 
lb/cu  ft 

30 

90 

150 

2L5 
500 

722 

i^.o 

343.9 

390 
53ii 
733 

146.7 
348.5 
345.6 

211 
669 

347.6 
347.7 
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TABLE  9 


Triaxial   Tost   Results 

Unc rushed  Gravel    and 
Natural   Sand 


Open-Graded  lecture 
10- in.   High  Specimen 


Confining 

Pressure 

psi 

i|-»0;"'  Asphalt 

5.0  t  Asphalt 

6.o;j  t 

LSPhalt 

formal 
Stress 
psi 

Density 
lb/cu  ft 

Normal 

Stress 
psi 

Density 
lb/cu  ft 

ITornal 
Stress 
psi 

Density 
lb/cu  ft 

30 

90 

150 

155 
I4.00 

667 

lk2.0 
ll|.0.0 

342.1 

179 
660 

143.3 

li|1.6 

345.2 

158 
530 

llt-3.1 
3474 
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TABLE  10 


Triaxial   Test  Results  One-Size  Mixture 

Crushed  Limestone  10-in.   High  Specimen 

Asphalt   Content   -  5,0% 


Confining 

Pressure 

psi 

l.O- 

pmal  St 

.•ess   -  psi 

Density  -   1 

b/cu  ft 

C';:' 
aq   in. 

i.o  ; 

b  'ain 

5.0;; 
Strain 

10.0JS 

Strain 

15.0;, 
Strain 

Before 
Test 

After 
Test 

Increase 

0 

10 







113.2 

113.2 

1 

0.0 

0.0 

0 

17 







115.0 

115.0 

0.0 

0.0 

0    (avg) 

Ik 







114.1 

114.1 

0.0 

0.0 

30 

99 

li|l 

I5t 

158 

112.9 

113.4 

o.5 

1.20 

30 

106 

143 

154 

156 

111.7 

112.2 

0.5 

1.26 

30    (avg) 

103 

ll|2 

i& 

157 

112.3 

112.8 

t 

0.5 

1.23 

60 

177 

233 

250 

254 

113.6 

114.1 

0.5 

1.07 

6o 

170 

233 

254 

262 

113.4 

114.3 

0.9 

1.86 

60    (avc) 

Ilk 

233 

252 

258 

113.5 

llil-.  2 

0.7 

1.47 

90 

226 

232 

3i4 

32k 

113.3 

115.2 

1.4 

O.98 

90 

223 

274 

290 

332 

113.I4- 

114.2 

0.8 

0.60 

90    (avg) 

225 

278 

302 

328 

113.6 

114.7 

1.1 

0.79 

120 

2lf0 

3kk 

[(.00 

Ip-9 

116.0 

121.2 

5.2 

2.76 

120 

2k$ 

32k 

383 

li21 

H3.3 

116.2 

2.9 

2.19 

120    (avg) 

2l0 

33k 

392 

!;.20 

114-7 

118.7 

4.0 

2.48 

150 

296 

429 

511 

5Il0 

115.3 

117.2 

1.9 

1.46 

150 

310 

kik 

497 

536 

115.1 

120.9 

5.8 

6.10 

150    (avg) 

303 

l\22 

5o4 

538 

115.2 

119.1 

3.9 

3.78 

""    C  -  change    in  volume  per  change 


in  height 
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TABLE  11 

Triaxial  Test  Results  One-Size  Mixture  (Vibrated) 

Crashed  Limestone  10-in.  High  Specimen 

Asphalt  Content  -  5*0$ 


Confining 
Pressure 

Ilormal  Stress  -  psi 

Density  -  1 

b/cu  ft 

C';:' 
sq  in. 

1.0J5 

5.0' 

10.05 

15.05 

Before 

After 

Increase 

psx 

Strain 

Strain 

Strain 

Strain 

Test 

Test 

30 

88 

119 

131 

136 

115.5 

116.8 

1.3 

1.02 

60 

160 

213 

231 

235 

115.6 

115.6 

0.0 

0.01 

90 

194 

282 

330 

357 

118.6 

119.0 

o.Lj. 

O.I4.7 

120 

259 

359 

I4.20 

1+6IL 

117.3 

121.1 

3.8 

3.68 

150 

325 

w 

523 

557 

116.7 

119.2 

2.5 

2.22 

C  -  change  in  volume  per  change  in  height 
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TABLE  12 


Triaxial   Test   Results 
Crushed  Lines  tone 


One- Size  Mixture* 
If- in.   High  Specimen 


Asphalt    Content   -   $»Ofi 


Confining 
Pressure 

Hormal   Stress   -  i 

3Si 

Density  -  1 



b/cu  ft 

C" 
sq  in. 

1.0JS 

5.0 :: 

10.01 

15.0,1 

Before 

After 

Increase 

psi 

Strain 

Strain 

Strain 

Strain 

Test 

Test 

0 

15 







111.8 

111.8 

0.0 

0.0 

30 

73 

113 

125 

133 

lli|_.  6 

lllf.7 

0.1 

0.21 

60 

126 

189 

225 

2lf0 

110.2 

113.1 

2.9 

2.25 

90 

180 

268 

32ij. 

369 

110.1 

115.1 

5.0 

2.57 

120 

250 

366 

W) 

W 

112.2 

II6.9 

k*7 

3.11-0 

150 

2°.8 

L36 

521l 

590 

111.9 

113.1|. 

1.5 

1.57 

C   -   change    in  volume  per  change   in  height 
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TABLE  13 


Triaxial  Test  Results  One-Size  Mixture  (Vibrated) 

Crushed  Limestone  1+,-in.  High  Specimen 

Asphalt  Content  -  5«0$ 


Confining 

Pressure 

psi 

Normal   St 

.■•ess  - 

psi 

Density  -  11 

d/cu   ft 

C";:' 
sq   in. 

1.0,1 
Strain 

S.ofa 

Strain 

10.  Op' 
Strain 

15.0,-; 
Strain 

Before 
Test 

After 
Test 

Increase 

30 

56 

158 

190 

198 

113.9 

117.1 

3.2 

1.26 

60 

128 

?\\? 

282 

296 

116.3 

118.3 

2.0 

1.22 

90 

176 

329 

380 

W 

llif.8 

115.9 

1.1 

0.53 

120 

200 

366 

^53 

509 

115.0 

117.1 

2.1 

1.33 

150 

288 

1+73 

563 

6ia 

117.0 

118.7 

1.7 

1.1+2 

C  -  change  in  volume  per  change  in  height 
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TABLE  li). 


Triaxial  Test  Results 
Crushed  Limestone 


One-Size  Mixture 
10- in.  High  Specimen 


Confining 

Pressure 

psi 

No 

rmal  Stress  -  psi 

Density  -  Ib/cu  ft 

C"::" 
sq  in. 

1.0,  1 

Strain 

5.0", 
Strain 

IO.O;; 
Strain 

15.0* 

Strain 

Before 
Test 

After 
Test 

Increase 

Asphalt  Content  -  £«0$ 

30 

103 

142 

lA 

157 

112.3 

112.8 

0.5 

1.23 

90 

225 

278 

302 

328 

113.6 

134.7 

1.1 

0.79 

150 

303 

1^22 

Solj. 

538 

115.2 

119.1 

3.9 

3.78 

Asphalt  Content  -  lj..0$ 

30 

76 

106 

122 

127 

112.8 

Hk-k- 

1.6 

1.20 

90 

192 

266 

302 

323 

108.8 

111.6 

2.8 

2.19 

150 

302 

Ll6 

1+93 

532 

111.6 

117.7 

6.1 

14..30 

Asphalt  Content  -  3.0^ 

30 

78 

105 

118 

126 

111.1 

113.9 

2.8 

2.11 

l£0 

289 

391 

1+69 

520 

110. Ij. 

115.0 

I1..6 

Jf.06 

C  -  change  in  volume  per  change  in  height 
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TABLE  15 


Triaxial   Test   Results 

Uncrushed  Gravel   and 
ITatural   Sand 


One-Size  Mixture 
10-in.   High  Specimen 


Confining 

Pressure 

psi 

N01 

rmal   Stress    -  1 

DSi 

Density  -  1 

b/cu  ft 

sq  in. 

1.0,; 

Strain 

5.0,; 

Strain 

IO.O;; 
Strain 

15.0; 

Strain 

Before 
Test 

After 
Test 

Increase 

Asphalt 

Content   -  5«0^ 

30 

56 

79 

03 

Qk 

111.9 

112.3 

O.I4. 

0.23 

90 

167 

232 

258 

232 

113.6 

lllf.2 

0.6 

0.52 

150 

262 

37^ 

1-1-23 

kkl 

113.0 

HI4-.I4- 

1.1+ 

1.17 

Asphalt 

Content   -  1|..0;~; 

30 

58 

72 

75 

75 

112.7 

113.6 

0.9 

0.16 

90 

165 

222 

2I4-6 

256 

112.1 

113.1 

1.0 

246 

150 

2I4.7 

332 

379 

J|06 

113.2 

ill}-.  5 

1.3 

1.01 

Asphalt 

Content   -   3.0> 

30 

56 

72 

79 

85 

113.0 

11I4-.3 

1.3 

0.89 

150 

262 

3I4.O 

378 

ij.00 

113.1 

lili..6 

1.5 

1.38 

C   -   change   in  volume  per   change   in  height 
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APPENDIX  D 

HVEEM  STABILOISTSR  T23T 

Since  the  PIveem  Stabilometer  test  is  recognized  as  a 
modified  triaxial  test  of  the  closed-system  type,  open-graded 
and  one-3ize  specimens  were  tested  in  the  Stabilometer.   These 
specimens  were  molded  with  both  crushed  limestone  aggregates 
and  uncrushed  gravel  and  natural  sand  aggregates  at  the  various 
asphalt  contents  as  given  in  Table  h ..   This  permitted  a 
comparison  of  the  results  using  the  Stabilometer  with  the 
data  from  the  triaxial  test  procedure  for  the  given  materials. 

The  methods  utilized  in  conducting  these  tests  were 
those  outlined  in  the  publication  of  The  Asphalt  Institute, 
: jjbc  Design  Methods  for  Hot -1,1  ix  Asphalt  Paving  (lj.7) »  except 
for  the  following  discrepancy.   The  specimens  were  formed  by 
the  double -plunger  compaction  procedure  rather  than  by  means 
of  the  mechanical  kneading  compactor,   A  description  of  the 
double -plunger  compaction  method  is  outlined  in  the  section, 
Apparatus  and  Procedure,  of  this  report  and  vmder  the  heading, 
Preparation  of  the  Test  !  pecimen.   The  Hveem  Stabilometer  is 
shown  during  a  test  in  Fig.  1{.0»  A  sample  data  sheet  is  p^p- 
sented  in  Pig.  I4I.   The  Stabilometer  test  results  are  given 
in  Tables  l6  to  19,  where  the  as-halt  content  is  expressed 
as  the  percent  by  weight  of  the  total  bituminous -aggregate 
mixture • 
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Pig.   l\0     Hveer.i  Stabiloneter  Test 
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DATA   SHE3T 
Stabilometer  Test   -  Bituminous  Ilixtures 


Spe  c imen  ITo  . _    O-  /-  3 
Initial  Ht         2.  5Q  in. 
'.'/eight /zooogrp 


Initial   Dia 


■4  ■  OO  "1 


Date   Tested      July  24,  19 se, 

By  J.  o   4  #.  /? 

Temperature  /4-QF 

Unit   Wt  /4S.5    ,b/cuf+ 


Load 

Pv 

ph 

/ooo 

9 

2000 

/2 

■3000 

/£ 

4-000 

27 

5000 

400 

4Z 

Gooo 

62 

No.    of  Turn3    to    Increase   P^  from  5  psi  to   100  psi     3-3Q 


Pig»  1+1 
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TABLE  16 


Stabilometer  Test  Results 
Crushed  Line  stone 


Open-Graded  Llixture 


Percent 
Asphalt 

Stability 

Density 
lb/cu  ft 

k.O 

3k 

llj.0.2 

1|.0 

35 

Up..  8 

if.O    (avg) 

35 

llp.O 

5.0 

36 

1^5.5 

5.0 

38 

343.9 

5.0    (avg) 

37 

1^4.7 

6.0 

30 

114.5 

6.0 

27 

il|-5.7 

6.0    (avg) 

29 

l!;-5.1 
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TABLE  17 

Stabiloneter  Test  Results         Open-Graded  Mixture 
Uncrushed  Gravel  and  Natural  Sand 


Percent 

Asphalt 

Stability 

Density 
lb/cu  ft 

k.O 

27 

138.5 

Ii.O 

17 

136.6 

k»0    (avg) 

22 

137.6 

5.0 

25 

llf.0.6 

5.o 

23 

lljl.O 

5.0    (avg) 

2h 

140.8 

6,0 

18 

ll;.3.0 

6.c 

25 

139.8 

6.0    (avg) 

22 

ll]l.k 

TABLE  18 
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Stabiloneter  Test  Results 
Crushed  Linestone 


One -Size  Ilixture 


Percent 
Asphalt 

Stability 

Density 
lb/cu  ft 

3.0 

9 

110.6 

3.0 

9 

105.9 

3.0  (avg) 

9 

108.3 

ij-.O 

8 

110.1 

k-.Q 

9 

106.7 

Il.O  (avg) 

9 

108.1; 

5.0 

7 

111.9 

5.0 

8 

109.2 

5.0  (avg) 

8 

110.6 

TABLE  19 

Stabiloirieter  Test   Results  One-Size  Mixture 

Uric  rushed  Gravel   and  natural   Sand 
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Percent 

Asphalt 

Stability 

Density 
lb/cu  ft 

3.0 

7 

110.1 

3.0 

9 

112.1 

3.0  (avg) 

3 

111.1 

ii.O 

O 

109. L 

If.O 

7 

107.8 

lj.,0  (avg) 

7 

103.6 

5.0 

6 

109.0 

P.O 

6 

103.3 

5.0  (avg) 

6 

108.7 

